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Prologue: The Mouth’s Glasses

It is interesting to see how glasses are part of our reality. We internalise them as part
of our face once we wear them. I believe that when glasses were first invented in the
fourteenth century, it did not cease to cause surprise to the human body. It was an
addition that served to mitigate our defects or increase our capabilities. I am sure that
many were opposed to it and looked at those who wore them with surprise. Human
beings tend to notice differences before similarities. They tend to differentiate the new
as foreign. This mechanism is no more than part of a survival system; to approach
people we resemble both socially and emotionally in order to preserve our genes.
From the moment humanity started to invent, it created tools to improve its life.
Among these tools, they emphasised on those that enhanced our sensory capacities. Is
it not the invention of better eating utensils, that became the tools that increase our
sense of taste? Over the years and with the eruption of newly formed ICT tools, they
became, often invisible, digital devices. Augmented reality is a fact, and we forget
that it has been with us for a long time, transforming our lives by leaps and bounds.
Those who are opposed to it are opposed to a vector of our historical development.
Remember, nevertheless, that all great advances always have great detractors. And
just like a person with glasses, we will end up assuming it as something normal.
There exist theories about the transhumanism where we are evolving as a species:
a technological evolution that will allow us to acquire or improve our genetic abil-
ities, thanks to artificial complements. At the philosophical level, this can be very
interesting since it forces us to consider the limits that may stop human beings.
However, without becoming dystopian, we may already be at the hinge of this
paradigmal shift. Do we not already use our smartphones as an extension of our
memory and our cognitive skills? Every day, we automate processes, thanks to the
same device. We get up due to an alarm clock; it reminds us of an automated agenda
that tells us what we have to do. If we arrive late to work, we will look for an
alternative route, or it will indicate us what we should or should not read according to
our tastes. In a few years, the smartphone will probably be already implanted in some
way under our skin. In this world of the near future, we must understand that these
increases will improve our capabilities and make us live longer, if not better.

Xvii



xviii Prologue: The Mouth’s Glasses

Glasses for the mouth are only a concept. With age, human beings are losing their
sense of taste and smell often causing less hedonic pleasure. Amongst the elderly, this
causes many people to begin to eat less than one needs with the consequent loss of
nutrients that derives in diseases. It can also be worrisome when one sees reputable
chefs complain that a product does not taste the same as when they first started cooking.
However, they have not realised that perhaps what may have changed is not the world,
but oneself. To have the possibility of not only being able to alleviate our gustatory
decadence but also to increase our capacities is something that is discussed in this book.
We have seen the horizon, and I am sure that this will soon go further.

Adrian is not only a brilliant engineer, but he is a dreamer. He likes to reach out
where no one has arrived yet, and he moves along the path of the dream, devising
and solving problems that have not yet been raised. The more I know him, the more
I am surprised, and I think that more projects like the Imagineering Institute should
exist in order to reexamine humanity in post-material times.

(Credits of the picture: Alex Iturralde)

Errenteria, Gipuzkoa, Spain Chef Andoni Luis Aduriz
December 2017 Mugaritz
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Biography of Chef Andoni Luis Aduriz

What does luxury mean? Do we eat to satisfy our hunger? How are cultural
identities built? Is flavour the only important thing in gastronomy? Which is the real
distance between global and local? Andoni Luis Aduriz (San Sebastin, 1971) is
undoubtedly one of the most influential chefs of our times. He has lead since 1998
Mugaritz, a project that he defines as a creative ecosystem that allows the freedom
to create without chains and to constantly ask new questions. Throughout his
career, he has prioritised both culinary evolution and an interdisciplinary approach.
This has allowed him to cross the established borders, and to become a rebel in the
kitchen. His lectures in places such as Harvard University or the Massachusetts
Institute of Technology (MIT), his articles in El Pas newspaper and his membership
to the Basque Culinary Center Foundations patronage or to the Tufts Nutrition
Council from TUFTS University (a group of international leaders from diverse
backgrounds who share a passion for nutrition and health), and his books are
powerful tools to share all the knowledge that Mugaritz has acquired about cre-
ativity in organisations, health, perceptions or the gastronomy of the future. His
versatility and creativity always raging the predefined limits open windows to many
new worlds. This pioneering attitude gives rise to theatre performances with La
Fura dels Baus and to the promotion of diverse documentaries such as
Mugaritz BSO and OFF-ROAD. Aduriz aims to seduce us with a multisensory
experience. During his professional life, he has earned prizes such as the Spanish
National Gastronomy Prize, the St. Pellegrino Chefs Choice Award from St.
Pellegrino and the Eckart Witzigmann Prize.



Chapter 1 ®)
Introduction Check for

Our goal is to transform Internet and virtual reality communication into a multi-
sensory experience by the digitization of the smell and taste senses. This will allow
people to create, communicate, and regenerate multisensory information. This book
was written in an attempt to present the state of the art in research in multisensory
communication. Both human sense of smell and taste performs an important role in
enhancing one’s everyday life experiences through emotions and memory. The mem-
ory of smell and taste lasts longer than memory attained verbally. Studies have shown
that smell and taste senses are directly associated with one’s mood, stress, retention,
and memory functions. The use of the Internet as a communication medium grew
rapidly across the past two decades. To pursue the next stage of the Internet, humans
should not only communicate using visual, audio, and tactile stimuli but also with
smell, and taste. Virtual stimulation of smell and taste is considered a useful step in
expanding the technology related to digital multisensory communication, and virtual
reality.

New improvements in research will soon made it possible to connect real world
things, people, plants, animals, robots, etc. together and generate an ever-increasing
flow of digital data. Digitizing the taste and smell senses will lead to a technological
revolution, mainly by enabling people to sense virtual smell and taste sensations,
communicate them digitally over the Internet, and effectively regenerate them in
remote locations. Digital smell and taste interfaces will open up a multitude of new
horizons and opportunities for research in the future, including in areas of human
computer interfaces, entertainment systems, medical and wellness. Digital controlla-
bility of the sensation of taste and smell provides a useful platform for engineers, food
designers, and media artists towards developing multisensory interactions remotely,
including the generation of new virtual tastes and smells.

This book is divided into seven chapters. This Chapter begins with the introduc-
tion, highlighting the concepts, the aims, and brief summary of each chapter.

© Springer International Publishing AG, part of Springer Nature 2018 1
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2 1 Introduction

Chapter?2 details the basic science of taste. Taste is the key sensory modality
through which we evaluate whether a potential food is good or harmful. All the
basic taste qualities (sweet, bitter, sour, salty, and umami) can be elicited from all
the regions of the tongue that contains the taste buds. The chapter begins with the
general description of the gustatory system and its make up. It further describes the
taste qualities, its receptors, genetic make up and how humans taste i.e. from the
tongue to the brain. The chapter also discusses how one can adapt to a particular
taste, different types of taste disorders, and how it affects ones general living. The
chapter ends by describing some taste technologies that uses chemical approach and
few new technologies currently using electrical approach.

Chapter 3 explores the science of olfaction. The sense of smell in many ways
remains the least understood of the sensory modalities. For both animals and humans,
it is one of the important means by which our environment communicates with us.
This chapter discusses the anatomy of the olfactory system, dealing with the olfactory
epithelium, olfactory bulb and describing how human olfactory structures differ from
those of other mammals. It describes how humans perceive smell including the
characteristics of olfaction. For example describing the sense of smell as a “hidden,
normative, near, emotional sense” which also has a special memory. The chapter
also discusses olfactory adaptation, causes of olfactory dysfunction and detrimental
effects of olfactory loss. And lastly, highlights some olfactory devices using chemical
approach.

Chapter4 discusses our studies on electric taste. In the multisensory communi-
cations, sensing and actuating taste digitally is an extremely important requirement,
hence the need to digitize the five basic tastes sweet, sour, bitter, salty and umami
(savoury). The early sweet taste interfaces developed in the field of Human-Computer
Interaction have primarily used chemicals to generate taste sensations. Electric taste
interface is an electrical tongue actuator stimulation device, which the user places
in the mouth and it is controlled by the computer where it can effectively generate
electric taste sensations. Our previous user studies have suggested by changing the
current and frequency we can produce sour, salty and bitter sensations. Once this
goal is achieved, people will be able to experience taste digitally across the Internet
as we experience text, audio and visuals online.

“Thermal Taste Machine” that can produce sweet sensations on the tongue is
discussed in Chap. 5. This is achieved by changing the temperature on the surface of
the tongue (from 25 to 40 °C) within a short period of time by placing a silver plate on
the tongue and changing its temperature using a computer controlled Peltier module.
This device is useful in two ways. Firstly, it can be used as a way to enhance the
sweetness of the things we eat. Secondly, it also produces sweet sensations without
the aid of any chemical (like sucrose) for individuals who are sensitive to thermal
sweet taste. This is done by activating a special taste channel called Transient receptor
potential cation channel subfamily M member 5 (TRPM 5) which produce or modify
sweet taste sensations.

Chapter6 describes the technology of digitizing smell. Until this date, almost
all the smell generation methods used in both academia and industry are based on
chemicals (odor molecules). These methods have limitations such as being expensive
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in long term use, complex, need routine maintenance, requiring refilling, less con-
trollability, and lack of uniform distribution of odor molecules. Furthermore, these
chemical based smells cannot be transmitted over the digital networks and regener-
ate in a remote place as we do for visual and auditory data. Therefore, discovering a
method that produce smell sensations without using chemical odorants, is becoming
a necessity. In this chapter, we discussed how we can bypass the chemical molecular
layer of the human olfactory system and produce electric smell sensations. First we
apply a minimal electrical stimulation on the smell receptors and study whether this
approach can produce or modify smell sensations. This approach is similar to elec-
trogustometry, which produces different taste perceptions by stimulating the taste
receptors in the tongue using electric pulses.

And the final chapter, Chap.7 discusses the benefits of the technologies intro-
duced in different fields, especially in multisensory digital communication, virtual
reality, entertainment, online shopping and in medical uses. It highlights some future
applications and limitations as well. Throughout this book a number of possible
technologies such as digital taste, thermal taste and digital smell which can bring
the change from chemical based smell and taste to digital will be discussed. The
technology of sharing smell and taste via the Internet is a challenging experience.
As described in Chaps. 4, 5, and 6, we have produced our stimulation protocols built
from literature and user studies. Furthermore, this book serves as a reference for
researchers and students and generally for individual interested in digital multisen-
sory studies because it combines the concepts, descriptions, experimental methods
for digitizing the sense of smell and taste. We hope these technologies will further
improve and will be used in the future of virtual reality, and Internet communication.



Chapter 2 ®)
Science of Taste Creck for

2.1 Introduction

This chapter is a general review on the science of taste. Taste, is among the five
long established senses classified under the sensory system. It is the key sensory
sense through which we assess if a particular food is good or harmful. Taste is the
sensation produced typically in the tongue when a substance reacts chemically with
taste receptor cells situated on taste buds in the mouth. The oral cavity is the portal
through which everything we eat passes, so it is a common scene for evaluating
and sensing what ought or not be digested and absorbed into the blood [1]. Thus,
taste, together with smell and trigeminal nerve stimulation regulate flavors of food
or other substances. If the potential food is good and acceptable, other taste-cued
reflexes such as the exocrine and endocrine secretions which are triggered by taste
get involved to expedite assimilation of the available nutrients [2].

Brain stem reflexes are evident in humans prenatally, in that, acceptance of sweet
taste indicates calories, while the refusal of strong bitter taste indicates toxins [2, 3].
Food precedence are based on these reflexes, which could be altered by experience,
however they are never eradicated. Irrespective of whether taste-guided behaviors
are reflexive or are part of a more advanced developed appetite, the taste system must
identify what is presented in the oral cavity and allow perception and recognition
of chemical components there. These procedures eventually result to the acknowl-
edgment of food as well known, or when new as harmless. Feeding is often always
disturbed, when taste is extremely irritated [4].

The main outward sensory system essential for life is arguably the sense of taste.
Without sight, smell or hearing, people may still live a normal life in our societies.
With visual feedback, even some somatosensory and proprioceptive shortfall are
overcome. Nevertheless, people lacking taste usually do not eat and may eventually
die if there is no medical intervention. This is often observed in patients who undergo
radiotherapy especially head and neck cancer patients [5], they usually encounter a
radiation-induced loss of taste that might be whole and often interferes with eating
[6]. For their feeding, they usually need the placement of a chronic nasogastric tube

© Springer International Publishing AG, part of Springer Nature 2018 5
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because they are nutritionally compromised already. Notwithstanding, the imperative
part of taste in feeding in other species, is that taste plays a part in recognizing and
distinguishing hydrocarbons that functions as a pheromonal social communication
indication such as in courting and mating. It is still uncertain if taste plays a social
communication role in humans similar to olfaction [7, 8].

Taste sensation could be divided into several psychological characteristics: quality,
intensity, oral location and timing. These characteristics are, thus, quickly assessed
and, inside a given setting, pervaded with some level of positive or negative hedonic
value, yummy or yucky [2]. The characteristics of taste are the fundamental subdi-
visions of the methodology marked sweet, salty, bitter, sour and umami, and these
tastes are different from each other. Archetypal models of these tastes are honey,
chicken soup, lemon juice, table salt, strong black coffee. The taste intensity is the
magnitude of the qualitative sensations, such as weakly salty or strongly bitter. The
region in the oral cavity from which a taste sensation emerges is called the location.
Unlike smell, taste has a spatial capacity based on its localization that allows humans
to localize exact qualities and even to control substances in the mouth [9]. The tim-
ing of taste refers to whether taste perception emerge rapidly and if they delayed,
i.e. delayed flavor impressions. Timing and spatial prompts are inalienably used to
assess stimuli and are to a great extent in charge of why artificial sweeteners seldom
taste like sucrose; most artificial sweeteners are localized more to the back of the
oral cavity and stay longer than sucrose [1].

However, other factors such as smell [10], texture [11] and temperature also
contribute to the perception and flavor of food in the mouth other than primary taste
which contribute only partly. We identify food items as familiar or new through flavor
which is formed when taste combines with smell. Every basic taste is designated
either as aversive or appetitive dependent on the impact the sense have on the bodies,
since the sense of taste can perceive both useful and hurtful things. For example, sweet
taste aids in recognizing foods rich in energy while bitter taste aids as an indication
of poisons [12, 13]. Taste perception among humans starts to decline around 50 years
of age on account of loss of tongue papillae and a general reduction in salivation
production [14]. Similarly, not all mammals share a similar taste senses: a few rodents
could taste starch, cats cannot taste sweet, and numerous other carnivores as well as
hyenas, dolphins, and ocean lions, have lost the capacity to detect up to four of their
inherited five taste senses [15].

The next Sect. 2.2 will explore the gustatory system, the taste buds and discussion
on mechanism of taste in humans. Next, in Sect.2.3 will be the description of the
five basic tastes followed by Sect.2.4 discussing different types of taste receptors
and genes. The importance of taste especially to human will be discussed in Sect.2.5
and how humans can adapt to taste is discussed in Sect. 2.6, followed finally by taste
disorders in Sect.2.7.
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2.2 The Gustatory System

The gustatory system is the sensory system responsible for the perception of taste and
flavor. The gustatory system in humans is made up of taste cells in the mouth, several
cranial nerves, and the gustatory cortex. The human gustatory system (taste) plays a
key role in enhancing ones everyday life experiences through memory and emotions.
The memory of taste lasts longer than verbal memory [16]. Taste aids us in decision
regarding what to eat and impact how we effectively digest these foods. Flavour from
food activates the salivary gland to produce digestive juice which aid in digestion and
assimilation of food [2]. Taste sensation is distributed across a large area in the oral
cavity and pharynx, even though some specific structures are known to facilitate this
sense, but how less specific endings play their part is still not known. Nevertheless,
examining individual response of fungiform papillae in man, established the base of
the papilla to be the sensitive part [17].

The gustatory system is made up of taste receptor cells which are incorporated in
structures called papillae found in various parts of the tongue as shown in Fig.2.1.
Three kinds of papillae are involved in taste, they include fungiform papillae located
on the anterior two-thirds of the tongue, the foliate papillae situated on the posterior
edge of the tongue, and circumvallate papillae located on the posterior third, and
is surrounded by a groove [18]. And a fourth type called filiform papillae, that
do not contain taste buds [19]. Each fungiform papilla contains one to five taste
buds, while each foliate or circumvallate papilla contains hundreds of taste buds.

Tongue

Lingual Tonsils

Sulcus Terminalis

: y Vallate Papillae
Foliate Papillae

L Fungiform Papillae

Filiform Papillae

Fig. 2.1 Schematic diagram showing the distribution of papillae along the surface of the human
tongue
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Besides the papillae, taste receptors are also found in the palate and early parts of the
digestive system like the larynx and upper esophagus. There are three cranial nerves
that stimulate the tongue namely; the vagus nerve, glossopharyngeal nerve, and the
facial nerve. The taste buds of the anterior two-third of the tongue are innervated
by the gustatory fibers that travel in a branch of the facial nerve (VII) called the
chorda tympani. The taste buds of the posterior third of the tongue are innervated
by gustatory fibers that travel in the lingual branch of the glossopharyngeal nerve
(IX) [20].

2.2.1 Taste Bud

The taste bud is a microscopic ‘rosebud’-shaped structure that comprises between
60-120 cells [21-23]. The receptor cells involved in basic taste signal transduction
are in direct contact with the solutions of the oral cavity through microvilli at the
apical end of the cells [18]. The microvilli contact the oral solutions through a small
(approx. 20 pm) opening in the epithelium called the taste pore. That lies at the tip
of each bud. Chemical stimuli are constrained in their flow past taste cells at the
taste pore by tight junctions connecting the cells in contact with the pore; generally,
only small ions may pass tight junctions [24, 25]. Although, many papillae contain
zero buds, adult human fungiform papillae comprise of about four or five taste buds
on average [25, 26]. The foliate papillae contain several buds on either side of the
epithelial walls that comprise each foliate groove [18]. Likewise, around each vallate
papillae, many taste buds line the papillary sidewall of the ‘mote’ [18]. In contrast,
most papillae on the tongue small conical-shaped are filiform papillae, which does
not contain taste buds [27].

These appear to serve the purpose of making the lingual surface mechanically
rough, which facilitates food and beverage manipulation and may also improve lin-
gual somatosensory function. The larger and less thick fungiform papillae might
be seen among the smaller more abundant filiform papillae by simple direct visual
examination of the anterior dorsal surface of the tongue [27]. There are four pri-
mary kinds of cells inside a taste bud, nonetheless these might be further subdivided
histochemically. The cell types were historically labeled dark, light, intermediate
and basal cells in view of their electron-dense appearance, shape, and position in an
electron microscope image of a taste bud [22, 28]. Located at the base of the taste
bud are the small round basal cells. The other three cell types were stretched cells
elongating from the basal to the apical end of the taste bud and appearing dark, light,
and intermediate [29, 30]. These cell types today are known as type I, II, and III
cells, respectively [31]. Both type I and II cells possess microvilli with those of type
II cells shorter than those of type I [28, 32]. Only in type II cells, are found most
main signal transduction components such as receptors and effector enzymes [33].
Some has presumed that type II cells are the canonical taste receptor cell because
of this observation. Though, most synapses with main afferent axons are on type III
cells, a considerable number of which are recognized as being serotonergic. How-
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ever, synapses have likewise been periodically identified in type I and II cells in mice.
In taste bud organization, rats, rabbits, and mice seem to have remarkable species
differences. The exact configuration of human taste buds remains unresolved [29,
30, 34].

A crucial question is how information flows from type II cells, where the trans-
duction elements is, to type III cells, where most synapses with primary afferents
occur [35]. Bud cells communicate with one another neurochemically, though could
be electrically coupled through gap junctions. Taste bud cells are known to have sero-
tonin and serotonin receptors, ATP, ADP and their P2X and P2Y receptors, glutamate
and its mGluR 1, mGluR4, ionotropic receptors, and nitric oxide (NO), this gas (NO)
allows cells to interact with each other freely. These are all probable candidates for
cell-to-cell chemical interaction within the taste bud, so that main receptor cells lack-
ing neural synapses can interact with taste bud cells with neural synapses [5, 36].
The problem arises as to how to organize the cells inside a bud of a similar chemical
sensitivity, since the taste bud contains receptor cells specific for various kinds of
chemicals. This could be achieved intragemmally pan-bud by the coordination of the
chemical identity of what is released with the appropriate receptors on target cells
within the bud. For instance, glutamate may be a bitter compound intercellular signal
in the bud, while serotonin may be a sweet compound intercellular signaler [36].

Taste bud cells are different from olfactory receptor cells because they are not
neurons, but are nevertheless, similar to olfactory receptor cells in that they have a
short life span of approximately 10 days. This is because taste buds contain lived cells
that are eradicated same time like the surrounding epithelial cells and are continuously
replaced throughout the life of the bud [37]. Within the taste bud, basal cells were
thought to give rise to the three elongated cell types and to be the sole progenitors
of the elongated cells, however this is not necessarily the case [21, 38, 39]. The
stem cells that give rise to taste bud cells reside outside the bud, near its base in the
stratum germinativum, and consistently migrate into the bud to produce new cells
[38, 39]. Furthermore, the cell types are not all in dissimilar stages along a single
cells life cycle. Rather, the stem cells that give rise to various elongate bud cells are
of different origins; that is, the elongate cells seem to have different lineages [40].
The role that each bud cell plays remains uncertain. For instance, although type I
cells have many long microvilli reaching out into the taste pore and might often have
synapses with neurons in some species, it is not clear if they are involved directly in
signal transduction. Some have estimated that they play a secretory role for the taste
pore and additionally may even serve a glia-like function for the bud [41].

2.2.2 How Humans Taste

In humans and mammals, the oral cavity contains receptors for taste, known as taste
buds. This microscopic, onion-shaped structures are located in the surface of the
tongue and on small protrusions, known as papillae [42]. Taste buds are also found
on the roof of the oral cavity, the pharynx and the larynx, but in smaller numbers. All
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qualities of taste can be elicited from all the regions of the tongue that contain taste
buds. Taste researchers have known for many years that the taste map is wrong. The
tongue has four types of papillae as discussed earlier including filiform (with no taste
buds), circumvallate, foliate and fungiform. The fungiform, foliate, and circumvallate
papillae contain many taste buds. Taste buds are stimulated by chemicals in the food
we eat and therefore referred to as chemoreceptors. Chemical substances in food and
drinks dissolve in the saliva and enter the taste pores, small openings that lead to the
interior of the taste bud. Each taste bud contains 30-50 taste receptor cells (TRCs),
these TRCs project microvilli known as taste hairs to the surface of the taste bud,
where they form the taste pore; the taste pore is in contact with the fluid portion of
food within the mouth. Taste molecules from food are believed to bind to hair-like
cilia that project from the top of the taste cells. Figure2.2 shows different type of
cells involved in gustatory process. The plasma membranes of taste hairs contain
clusters of protein molecules that serve as receptors. These receptors bind to food
molecules dissolved in water [43].

After the tastants bind to the cell, taste transduction is slightly different for each of
the basic tastes. For salty and sour tastes, the chemicals that produce them act directly
via ion channels, however, those producing sweet, bitter and umami tastes bind to

Taste Pore

Microvilli (Taste Hairs) ]

Gustatory
Cell

| Supporting
Cell

Epithelium of
Tongue

Connective Tissue
Nerve Fibrils

Fig. 2.2 Taste cells involved in the gustatory process
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surface receptors that activate a series of signals to cells that eventually results in the
opening and closing of ion channels. The concentration of positive ions increases by
the opening of the ion channels inside the taste cells. This depolarization then causes
the taste cells to release tiny packets of chemical signals called neurotransmitters,
which provoke neurons associated to the taste cells to spread electrical messages to

Gustatory
Cortex
(In Sula)

Thalamus
Nucleus
(Ventral
Posterior
Medial

Nucleus) Pons

Facial
Nerve (VIII)
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(Nerve X)

Glossopharyngeal
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e

Tongue

Fig. 2.3 Ascending Gustatory Pathway from tongue to the brain
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the brain. This in turn, stimulates the receptor cells, which then stimulate the dendrites
of the sensory nerves wrapped around the receptors cells. Impulse from the taste buds
are then transmitted to the brain [2]. The process is as shown diagrammatically in
Fig.2.3.

2.3 Basic Tastes

Humans can discriminate among thousands of taste sensations [44]. Sense of taste
enables humans to differentiate amongst safe and unsafe food, and to measure the
nutritional value of food. The tongue is enclosed with thousands of small bumps
called papillae, which can be seen with the naked eye. Inside each papilla are several
taste buds, which enables substances to be perceived as taste after been dissolved
by digestive enzymes contained in the saliva [45]. Bitter foods are usually thought
as unpleasant, just as sweet, sour, salty, and meaty tasting foods commonly produce
a pleasant sensation. The five precise tastes received by taste receptors are sweet,
sour, salty, bitter, and umami, which means ‘delicious’ in Japanese and in English is
sometimes translated as ‘savory’. Western physiologists and psychologists as of the
early twentieth century believed there were four basic tastes: sweet, sour, salt, and
bitter. Umami was not identified at that time [46] but now many authorities identify
it as the fifth taste.

2.3.1 Sweet Taste

Sweet taste is one of the basic tastes usually perceived when eating foods abundant
with sugars, regarded most times as a pleasant experience, except possibly in excess.
Fructose is sweeter than glucose and sucrose. Because of this, production of sugar
syrups with the sweetness and certain other properties of sucrose is made possible
starting from starch [47]. Sweet taste is normally viewed as a pleasant sensation,
and is delivered mainly by the presence of sugars and some proteins. Sweet taste
is frequently associated with ketones and aldehydes, which consists of a carbonyl
group. Sweet is identified by a variety of G protein coupled receptors coupled to the
G protein gustducin located on the taste buds. For the brain to register sweet taste,
no less than two unique variations of the “sweet taste receptors” must be activated
[48]. Compounds the brain perceives as sweet are therefore compounds that can
bind with varying bond strength to two dissimilar sweet taste receptors. Sweet taste in
humans, is stimulated by sugars and an extensive variety of different chemicals which
are mostly described as sweeteners. However, in non-human mammals, some of
these compounds share similar taste quality and stimulate appetitive consummatory
behavior. Sugars are appetizing not exclusively to many vertebrate species, but also
to some insects [48].



2.3 Basic Tastes 13

2.3.2 Sour Taste

Sour taste is the taste that is produced by acids and appear attractive to human and
animals at low concentration such as in fruits (lemon, grape, orange, tamarind, and
sometimes melon) and candy (most contain citric acid). In the UK and US, reports
shows that children enjoy sour flavors more compared to the adults [49]. This is
believed to be related to children’s food habits and preferences. Wine usually has a
sour tinge to its flavor, milk also if not properly kept can spoil and has a sour taste.
However, it can evoke natural rejection response if it is from food spoiled by acid-
producing micro-organisms or unripe fruits that serve as inverse indicator of sugar
content. How sour a substance is, is evaluated in respect to dilute hydrochloric acid
(HCI), which has a sour taste index of 1. On the other hand, tartaric acid has a sour
taste index of 0.7, citric acid has an index of 0.46 and carbonic acid has an index of
0.06 [50, 51]. Sour taste is stimulated by acids such as citric acid or HCI. Protons are
the essential stimulus, although carboxylic acids taste sourer than inorganic acids on
a constant pH, indicating a role for the anion. Compounds with a high pH (bases)
evoke sensations described as irritating, or astringent; this might in part be due to
non-gustatory (somatosensory) factors [52].

2.3.3 Salty Taste

Salt is an important part to the human diet and improves the flavor of foods. Salty
taste is generated mainly by the presence of sodium ions. Similarly, salty taste can
be perceived from other ions of the alkali metals groups, however the further from
sodium, the less salty the perception is. In humans, a variety of salts, with the most
effective stimulus of this sensation being NaCl, stimulates salt taste [50, 51]. The salty
quality of sodium salts is influenced by anions and, might add bitterness, sourness,
or even sweetness. Similarly, a lot of non-sodium salts, such as KCl, as well have
a salty feature beside other qualitative quality. However, in rodents the qualitative
taste perception that one could call saltiness comes precisely from the sodium (or
lithium) cation. There is a high premium for finding sodium in the environment as a
result of the inability to store adequate of this required electrolyte in the body in few
omnivores and herbivores [S0-52].

2.3.4 Bitter Taste

Bitter taste happens to be the most sensitive of the tastes, and many detect it
as displeasing or unpleasant but occasionally it is required and its deliberately
added through several bittering agents [53]. Mostly, people have strong undesirable
responses to bitter substances, this can also signify toxicity, though present in health-
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ful foods like vegetables. Because of this, the capacity to sense bitterness probable
played an essential role in human evolution [54]. Bitter taste is assumed by scientists
to have evolved as a defence mechanism to identify possible dangerous toxins in
plants. Studies shows that in natural foods, TAS2R38, a variant of bitter taste recep-
tor, can perceive glucosinolates compounds with possible dangerous physiological
actions [55].

Many years ago, studies show that chimpanzees, like humans, differ in taste sen-
sitivity to the bitter compound phenylthiocarbamide (PTC). Bitter tastes sensitivity
offers a significant means for animals to relate with their environment. It allows ani-
mals to control their intake of toxins via permitting the recognition of several toxic
compounds in food, mainly noxious compounds produced by plants as a means of
protection against herbivores. Ingestion of toxic food source or compounds that may
lead to sickness or death is also monitored by bitter taste sensation [56].

2.3.5 Umami Taste

Umami is the fifth basic taste quality mainly stimulated by L-glutamate, majorly
in the form of monosodium glutamate in the diet [52]. Umami being an appetitive
taste [57], it is depicted as meaty or savory. It is found in many fermented and aged
food, and can be tasted in soy sauce and cheese. Also, umami is present in foods
such as beans, grains and tomatoes. The biological significance of this basic taste,
discovered about 100 years ago, is high, comparable possibly to that of sweet taste
[58]. Whether amino acids such as glutamate characterize a primary taste stimulus,
or whether umami taste may be derivative of the other taste perceptions is still a
matter of debate. Umami generates a strong response in humans only in the context
of other flavor owing that it is a ‘helper’ taste. This might be because free amino
acids hardly appear single in nature.

However, in proper situations like in savory foods and meats, amino acids like
glutamate are greatly required by humans because it indicates the presence of pro-
tein in food. Umami-tasting compounds comprised of some L-amino acids (e.g.
glutamate and aspartate), tricholomic, purine 5’-ribonucleotides, gallic and succinic
acids, theogallin, theanine and several peptides. In addition to umami taste, most
of these compounds have other chemosensory components. For instance, the anion
(L-glutamate) in monosodium glutamate (MSG), provokes an umami taste, and the
cation (Na+) gives a salty taste. Comparing tastes of equimolar solutions of MSG
and NaCl is an effective way to experience umami. Both solutions have saltiness,
which is attributed to sodium, nevertheless MSG also has another taste component
called umami which is not found in NaCl solutions [52].
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2.3.6 Other Taste Qualities

Beside the basic qualities of taste discussed above, there are quite a few other taste
qualities that might not be less essential rather are less understood. Rodents, might
have a polysaccharide or starch taste that is different from normal sugar taste. The
existence of a fat taste is logical, though still hotly debated, given that the taste
system perceives other macronutrients. For animals, it is uncertain whether the fats
they sense in the month is because of tactile and olfactory signals only or in together
with fat taste. A likely fat receptor CD36 present in the taste buds [59] has been
recognized [60], and research has shown it binds long chain fatty acids [61]. For
centuries, metallic taste has already been described, but this different sensation may
be a combination of several taste qualities with somatosensory inputs from ion-
induced currents in the tongue.

Another taste quality discovered is carbonation. It is surprising, taste percep-
tion of carbonation might be the least understood aspect of CO2 detection. In the
psychophysical literature, the gustatory qualities of CO2 are somewhat controver-
sial; while a few studies support a role of taste in sensing carbonation while others
describe CO2 as entirely tasteless to humans and entirely a somatosensory stimulus
[62]. Some physiological studies support the existence of a taste response to CO2,
though none could connect this to perception of a specific type of taste. These data
suggest that in addition to somatosensory detection, carbonation in the mouth could
be sensed through one or more gustatory labeled lines, with carbonic anhydrase
activity playing some role in the transduction mechanism [63].

2.4 Receptors and Genetic Composition of Taste Qualities

In mammals, taste buds usually contains between 50-100 tightly packed taste-
receptor cells (TRCs), representing all five basic qualities: sweet, sour, bitter, salty
and umami. Notably, mature taste cells have life spans of only 5-20 days and, conse-
quently, are constantly replenished by differentiation of taste stem cells [64]. Based
on the taste buds cytoplasmic electron density, morphology and cytohistochemical
profiles, several types of taste receptor cell have been recognized. The real receptor
proteins are located in the apical membranes of a subset of the taste bud cells. The
apical membranes bulge via a break, called the taste pore, in the stratified squamous
epithelium lining the oral cavity. This lining and the tight junctions between taste
bud cells offers protection from the possibly dangerous chemicals positioned in the
mouth. Bitter, and umami tasting stimuli bind to seven-transmembrane spanning G-
protein coupled receptors, whereas salty and sour stimuli are said to communicate
directly with ion channels [52]. Remarkably, a considerable number of the taste G-
coupled receptors and their critical intermediate transduction components are found
mainly in Type II cells, which do not have conventional synapses with gustatory
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neural fibers. The neural synapses occur mainly with Type III cells. Such discoveries
lend support to the perspective of the taste bud as a processing unit.

The taste feedback of an individual in genetic terms, represents a phenotype. A
constant quantitative scale is used in measuring several taste phenotypes and are thus
considered quantitative traits. One of the aim of genetic study is to demonstrate if
the phenotypical difference among individuals has a genetic component. Genes with
allelic variations that underlie variety of quantitative characters exist in chromosomal
areas called quantitative trait loci (QTL) [65]. Quantitative characters that rely upon
various genetic as well as environmental factors are observed as complex characters.
Most often, taste perception phenotypes are most often complex traits. Usually, the
genetic examination involves related individuals, for example twins, or families, or
crosses among inbred strains of mice or rats. Linkage study comprises assessment
of relationship amongst chromosomal markers, for instance single nucleotide poly-
morphisms (SNPs) and phenotypes in these populations [65]. Notwithstanding, gene
studies helps to clarify variations in taste perception as well as explaining specie dif-
ferences. Several taste-related genes are orthologs in humans and animals owing to
evolutionary relatedness amongst species. This explains the use of mice and rats as
laboratory animals, and as model organisms to study genetics of taste sensation. In
this section, we will be discussing basically taste receptors and genetics in human
and mice [65].

2.4.1 Receptors and Genes Responsible for Sweet Taste

Sugars, artificial sweeteners, Amino acids, and some sweet tasting proteins are known
by heteromers of the T1R family of receptor proteins; T1R1, TIR2 and T1R3. L-
amino acids binds the T1R1 + T1R3 heteromer, and its stimulation is accelerated
by the presence of 5 ribonucleotides such as inosine monophosphate. In humans,
the TIR1 + T1R3 receptor appears to identify only L-glutamate and L-aspartate.
A few other amino acid receptors have similarly been proposed to be receptors
of umami ligands, for example, the splice variant of the metabotropic glutamate
receptor subtype 4 (mGluR4) Fig.2.4. The perception of sweet taste seems to arise
in huge part from stimulation of the TIR2 + T1R3 heteromer. For both L-amino acid
and sweetener receptors, gene knockout data from mice have persuasively shown
the need of the T1R heteromeric receptors for typical taste sensation, though each
protein might can form low affinity homomeric receptors. Whether the T1R receptors
only are adequate for amino acid and sugar taste sensation has been more difficult
to decide [52, 65, 66].

In several animals, appetitive responses to sweet taste stimuli are inherent, how-
ever they are likewise frequently modulated by environment and rely upon genetic
features. This makes sweet taste sensation a complex trait, which most often has
polygenic inheritance. Genes contribute to variations (i.e. T1R-dependent and T1R-
independent variations) in sweet taste sensation within and between species. Differ-
ences in sweet taste is a function of the variations in sequences of the T1R gene, how-
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T1R T2R ENaC

T

Fig. 2.4 Known taste receptors. The TIR (a; sweet and umami) and T2R (b; bitter) proteins are G
protein-coupled receptors, while ENaC (c; salty) is an ion channel

ever, most of this difference is T1R-independent. The T1R-independent difference
might be credited to the genes associated with sweet taste transduction, transmission
and central processing. Even though individual difference in human sweet taste per-
ception often described as a ‘sweet tooth’ was known for a long time, nevertheless,
understanding of the genetic basis for this difference began recently to emerge [65].
The TAS1R2 and TAS1R3 genes in human have many polymorphisms. Some of these
variants are connected with how much sugar is consumed [67] or how sensitive the
sucrose taste is [68]. Studies on candidate gene association show that both peripheral
and central mechanisms are involved in T1R-independent genetic variation in sweet
taste inclination. In the GNAT3 gene are SNPs encoding the taste exact GA protein
subunit gustducin showed in taste bud cells in the tongue, are connected with human
sucrose perception [68]. Amino acid coding variants in the dopamine D2 receptor
(DRD2) and glucose transporter type 2 (GLUT?2) genes (both expressed in the brain)
are related with constant consumption of sugars by humans [67].

2.4.2 Receptors and Genes Responsible for Bitter Taste

In the plant and animal world, bitter stimuli are abundant and thus acts on the largest
set of oral taste receptors. Before now, humans have 25 putatively functional bitter
receptor genes coding for G-coupled receptors, known collectively as the T2R family.
The T2Rs differ essentially in their binding profile some seems precise for only a
limited compound, though others are triggered by entire chemical classes. Presently,
more than half of these receptors remain orphans with respect to their ligand binding
features [66]. A couple of interesting features of T2R expression have implications
for taste coding. Some taste receptors cells seem to respond selectively to various
bitter tasting ligands, while others seem to respond to both quinine and sucrose.
It is also worth noting that TIR and T2Rs have been found to be expressed in
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the gastrointestinal tract, where they might play a part in enteric nutrient signaling
[52, 65, 66].

The genetic origin of bitter taste in both humans and mice has been studied widely
[65]. Individuals show what is most often substantial variation in bitter taste sensi-
tivity, both in terms of absolute threshold and suprathreshold estimation of intensity.
The difference in sensitivity between tasters and non-tasters to phenylthiocarbamide
(PTC) compound created an important early model for what appeared to be a case of
single gene inheritance in humans [69]. Sensitivity to other bitter compounds has also
been found to be heritable, examples include quinine and sucrose octaacetate (SOA)
[70]. Based on dietary importance, it is gradually clear that much of this difference
is connected to TAS2R polymorphisms selected for TAS2R38. For example, a poly-
morphic bitter taste receptor gene is accountable for about 85% of the difference in
PTC sensitivity amongst human subjects [69].

2.4.3 Receptors and Genes Responsible for Salty Taste

In the mouth, the simplest taste receptor is sodium chloride (salt) receptor. Epithelial
sodium channel (ENaC), an amiloride-sensitive ion channel which facilitates salty
taste especially in rodents. This channel is extremely selective for Na+ (and Li+),
giving rodents a remarkable capacity to sense and identify sodium salts irrespective
of the anion. Another form of the Transient Receptor Potential V1 (TRPV1) channel
has been found as a nonselective cation channel implicated with responses to distinct
types of salts. Amiloride, in humans does not seem to modify the saltiness of NaCl,
but rather reduces its extremely weak sour taste. This proposes species differences
in the functions these ion channels play in expressing salt taste [52, 65, 66].

Individuals categorized as PROP ‘supertasters’ with heightened sensitivity to the
bitter compound propylthiouracil tend to report larger saltiness in salt solutions and
specific foods [71]. Though, a current heritability research found no evidence of
genetic control of saltiness [72]. Inherited strain variations have been accounted
for NaCl preference/aversion, NaCl thresholds and amiloride! sensitivity of chorda
tympani® responses to NaCl; the last was connected to allelic® difference in the
a-ENaC subunit [73]. ENaC channels assume a vital part in salt taste for various
vertebrate species, going from rodents to dogs and to primates.

! Amiloride is a synthetic pyrazine derivative inhibiting Sodium (Na) reabsorption through the Na
channel.

2Chorda tympani is a branch of the facial nerve that originates from the taste buds in front of the
tongue, runs through the middle ear and carries taste information to the brain.

3 Allelic is any of two or more variants of a gene that have the same relative position on homologous
chromosomes and are responsible for alternative characteristics.
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2.4.4 Receptors and Genes Responsible for Sour Taste

Several candidate sour taste receptors have been proposed, nevertheless none has been
absolutely proven [74]. Lately, a member of the PKD1 family of TRP channels, the
polycystic kidney disease-like ion channel PKD2L 1, which is shown in the apical
region of a subset of taste bud cells, has been implicated as a component in taste
transduction involving acid stimuli function as sour taste receptors [75]. Though,
targeted mutations in these genes have no or only modest outcome on taste responses
to acids. Several species of animal senses and typically avoid sour taste. Heritable
differences in sour taste were reported in human twins [72] and among inherited
mouse strains [76]. These genetic studies might assist with identification of the still
elusive sour taste receptor through the positional cloning approach, which enabled
identification of TIR and T2R receptors. To link difference in sour taste ability with
possible polymorphisms in candidate sour taste receptors, further studies are required
[52, 77].

2.4.5 Receptors and Genes Responsible for Umami Taste

In humans, a heterodimer* of TIR1 and T1R3 proteins functions as an umami taste
receptor, but in rodents it is more broadly tuned to respond to L-amino acids [65].
For umami or glutamate taste, quite a few other molecules have been anticipated
as candidate mammalian taste receptors. Humans vary in sensation of glutamate
taste [78], and current studies show that polymorphisms’ in the TASIR1, TASIR3
and mGIluR1 genes partially explain this difference [73, 79, 80]. The TASIRI1 and
TAS1R3 heterodimer receptor functions as the umami receptor, responding to L-
amino acid binding L-glutamate [81]. The umami taste is most frequently associated
with the food additive monosodium glutamate (MSG) and can be improved through
the binding of inosine monophosphate (IMP) and guanosine monophosphate (GMP)
molecules [82].

2.5 The Importance of Taste

Taste, especially for omnivorous species is a vital sense owing that the potential
choice of foods, their difference in nutrient content, and the risks of accidental inges-
tion of poison increases with the variety and complexity of the feeding plan. Com-
pared to species with highly specialized diets, for example, the leaf-eating koalas
and giant pandas. They have less dietary choices to make and are faced with less

“Heterodimer is a micromolecular complex formed by two different proteins.

SPolymorphism is a discontinuous genetic variation resulting in the occurrence of several different
forms of individual among the members of a single species.
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risks from poisons than do omnivores. Therefore, their gustatory systems seem to
have decreased. Clearly because of the colossal reduction in their selected food types
comparative to other bears, giant pandas have lost an amino acid taste receptor gene
TAS1RI1 [83]. However, carnivorous mammals by contrast have retained the amino
acid taste receptor, but lost numerous other taste receptors from their genome. All
cats for instance, have lost their recognized sweet taste receptor gene, TAS1R2 [84].
Though we could not certainly know why these genes have been lost in these lineages,
possibly the receptors were no longer beneficial or essential for survival.

Aquatic carnivorous mammals, such as sea lions, have much more taste receptor
pseudogenes and seem to have lost many taste receptors, possibly because most of
their prey are swallowed whole and would not be tasted [85]. Thus, many species
seem to have lost a few or all their taste receptors since they do not need the exact
nutrient detectors. An implicit question is, what essential functions does taste serve
for humans? Have humans retained a variety of functional taste receptors because
of the desire to taste? First, taste sensory inputs impact our thinking, deciding, and
conduct toward sampled foods, both consciously and unconsciously, to guide inges-
tion. Secondly, taste inputs impact our physiology and the metabolic processing and
signaling of nutrients and poisons as soon as it is ingested. The former is involved
with determining what foods enter our body and the latter with how these nutrients
are taken care of as soon as they entered. Together these two functions help create
our food preferences and feeding habits that maintain and sustain us through life and
empower our species to reproduce.

Generally, through taste eating is considered a pleasurable experience. Digestion
starts by taste and smelling food because they trigger the salivary glands and digestive
fluids. Digestion and assimilation would have been difficult without these sensations.
Information about the food we eat are provided by these senses, making them vital
to our health. We can detect if food is fresh through its aroma. Spoiled food can also
be detected by smelling it or taking a tiny bit of it. Humans depend on these senses of
smell and taste to keep away from foods that may be harmful. Humans tend to lose
appetite in their food if they are unable to taste or smell their food, and this results
to poor nutritional status and weight loss. For health and well-being of humans, the
capacity to taste and smell our food and environment is very important [2].

2.6 Taste Sensitivity and Adaptation

2.6.1 Taste Sensitivity

The sensitivity with which an individual perceive different tastes and flavor is referred
to as taste sensitivity. A person’s taste sensitivity is determined by the number of
taste buds, trigeminal nerve endings as well as their sensory capacities and how the
brain responds to signals from taste buds and trigeminal nerve endings. The number
and appearance of taste papillae affects taste sensitivity. Therefore, people with huge
number of papillae together with high sensitivity of the nerve ending experiences
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taste as being very strong. But people with lesser taste buds and low sensitivity do
not experience taste as strong. There are basically three types of tasters; the highly,
the moderately and mildly sensitive tasters [86].

2.6.1.1 The Role of Saliva in Taste Sensitivity

The parotid, submandibular, sublingual (major glands) as well as labial, lingual, buc-
cal and palatal (minor gland) produces saliva. The primary excretory channel of the
parotid organ opens on the buccal mucosa close to the upper molar teeth. Saliva is the
principal fluid constituent of the external environment of the taste receptor cells and,
as then, can play a part in taste sensitivity [87]. Its main function includes transport
of taste substances to and protection of the taste receptor. Saliva acts as a solvent for
taste substances in the early process of taste perception, it dissolves taste substances,
and latter diffuse to the taste receptor sites. Some salivary constituents chemically
interact with taste substances during this process. Taste sensitivity is influenced in
several ways by saliva, for example through diffusion, chemical interaction of taste
substances, stimulation and protection of taste receptors [87]. These several impacts
are realized by the numerous natural and inorganic constituents of saliva. It is notable
that there is significant individual difference in the saliva composition. Under differ-
ent conditions, the constituents of the salivary concentration of different people and
in the same individual varies significantly. Taste sensitivity may like-wise fluctuate
extensively, because of these disparities in saliva.

2.6.2 Taste Adaptation

Taste adaptation is a reduction in response to taste sensation and this happens when
the sensory receptors are exposed to prolonged stimulation. It is one of the central
phenomena of taste perception. As a result, receptors lose their ability to respond and
develop a reduced sensitivity to the stimulus. Hence, continued exposure specifically
causes the brain cells to pay less attention to the stimulus and decreases the reaction
to the particular sensation [88]. During eating, the taste buds in the mouth play a key
role. The tongue has approximately 2,000-8,000 taste buds divided into five basic
tastes: sweet, salty, sour, bitter and umami. When eating, the initial taste of the food
is very different and it’s identified by the tongue’s sensory neurons. As the eating
continues, the taste diminishes and does not have the same impact, which is due to
sensory adaptation [88]. Adaptation to taste has been known for quite a while. Suffice
it to say that if the taste receptors start signaling to the brain the existence of a constant
stimulus, the message becomes reduced; this can be regarded as a shift in the zero
for taste. The attenuation to the taster, is perceived as a steady decrease in intensity
of taste frequently resulting in the taste really vanishing (complete adaptation). This
attenuation or adaptation seems to be because of a particular inhibition of the taste
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receptor sites rather than the exhaustion of some receptive substance in the cell.
It can be thought of as the volume switch being gradually turned down for the
taste apparatus. Moreover, different types of receptor sites on the taste membrane
seem to undergo the process of adaptation independently. Taste psychophysicists
use this to investigate whether adaptation to one stimulus affects the taste intensity
of another stimulus and hence whether they share common receptor sites. Such
adaptation impacts everyday eating, are typically less vigorous. In the mouth, the
food is moved to different locations mixing with saliva and several food stimuli are
repeatedly mixed together [89, 90]. There are 2 types of adaptation effects; in one,
thresholds are elevated (cross adaptation) and in the other the thresholds are dropped
(cross enhancement).

2.6.2.1 Cross Adaptation

Situations in which adaptation to one substance increases the threshold for another
substance therefore decreasing its sensitivity is referred to as cross adaptation. For
instance, drinking vinegar or lemonade on fries frequently, the drink will not taste
sour due to reduced sensitivity. Because cross adaptation is precisely to a specific
taste quality; if one is adapted to a sour taste, sensitivity to sour tastes will be reduced,
but sensitivity for salty, sweet, or bitter will not be reduced [89, 90].

2.6.2.2 Cross Enhancement

When exposure to one substance reduces the threshold for another substance and
leads to an increase in sensitivity is referred to as cross enhancement. For instance,
orange juice might taste unpleasantly bitter if you have been eating a candy. If a
particular taste is exposed continuously, its absolute threshold might rise until it is
higher than the concentration of the adapting solution. Hence adaptation is complete
at this point, and no taste experience occurs. But removal of the adapting solution
reverses the adaptation process and the threshold adjusts back to its initial value [90].

2.7 Taste Disorders

Taste could be categorized as either quantitative or qualitative, this classification
has shown to be valuable in clinical routine. Quantitative gustatory disorders are
ageusia, hypogeusia. Ageusia is a complete loss of taste function, which is a rare
occurrence, while hypogeusia is a diminished ability to taste sweet, salty, bitter, sour
and umami. Isolated losses of any taste quality such as the failure to taste sweet, while
bitter, salty and sour could be tasted [91] is very uncommon and has been described
[92]. Qualitative gustatory disorders are primarily parageusia, phantogeusia and dys-
geusia. Parageusia is an unpleasant taste evoked by the nutritional intake, which is
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generally missing, while phantogeusia is the most common taste disorder, which is
persistent, usually unpleasant taste [93-95]. And dysgeusia describes a condition
in which a foul, salty, rancid, or metallic taste sensation will persist in the mouth.
While the normal taste function is known as normogesia. Most times, patients trying
to find help due to taste impairment end up having an olfactory problem instead of an
isolated taste problem [96]. Since taste and flavor are similar in the present language,
areduction in perception of flavor will result to a condition depicted as taste loss. This
is predominantly because of the impact of retronasal olfaction on flavor sensation and
highlights the significance of psychophysical taste and smell testing. Many studies
regrettably, depend only on the patients complaints and for a long time standardized
tests have not been available. Meanwhile taste and smell disorders might regularly
occur simultaneously [97, 98], each chemosensory modality ought to be assessed
independently before any conclusion.

2.7.1 Causes of Taste Disorders

Taste disorder could be as a result of either of the following factors, age, drugs
and metal exposure or pesticide exposure, inflammation in the mouth, infection that
decreases flow of blood to the tongue and inhibits production of saliva leading to
damage of cell receptors. Other factors includes: gastroesophageal reflux (GERD),
systemic conditions such as Crohn disease, diabetes, pernicious anemia, head trauma,
radiation treatment and surgical procedures [99]. Taste dysfunction could be grouped
into two:

e postoperative and posttraumatic gustatory dysfunction
e neurological gustatory dysfunction

Postoperative and traumatic gustatory disorder could be caused by middle ear
surgery, tonsillectomy surgery, oncologic surgery and radiation therapy and, dental
procedures [100]. From a neurological point of view, gustatory disorders can result
from damage at any location of the neural gustatory pathway from the taste buds via
the peripheral (facial, glossopharyngeal and vagal nerve) and central nervous sys-
tem (brainstem, thalamus) to its representation within the cerebral cortex. Gustatory
disorder has also been indicated in Parkinsons and Alzheimers disease and leads
to reduction in both olfactory and gustatory sensitivity [99]. Ageing can as well be
a factor in taste disorder. In the elderly, isolated taste impairment is common but
seldom causes serious clinical problems [99].

2.8 Summary

In this chapter, we have discussed the science of taste which is an important aspect
of human life. It is the key sensory modality through which we evaluate whether a
potential food is good or harmful. The sense of taste is used by humans to record
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memory as an important part of daily life activities. Currently, in the digital media
taste still receives minor attention although being one of the important chemical
sense. In this chapter, we have reviewed few aspects of sense of taste including:
basic tastes (sweet, bitter, salty, sour, and umami), taste receptors, description of the
gustatory system and its make-up, as well as the description of how humans taste.
Here, adaptation to a particular type of taste, different types of taste disorders, and
how it affects one’s general living were discussed.
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Chapter 3 ®)
Science of Olfaction Chack or

3.1 Introduction

Olfaction (sense of smell), from evolutionary perspective is one of the most ancient
chemical senses [1], however, they remain in many ways the least understood of the
sensory modalities. This chapter presents the general review of this very important
chemical sense.

The human sense of smell is part of chemosensory system, which helps to dis-
criminate a vast variety of odors and flavors. Olfaction is a fundamental sense for
humans, as well as animals, and has played a vital role in the behavior of many
animals. Olfaction allows vertebrates and other organisms with olfactory receptors
to identify food, mates, predators, and provides both sensual pleasure as well as
warnings of danger. For both animals and humans, it is one of the important means
by which our environment communicates with us [2, 3]. Perhaps the most signifi-
cant role of olfaction is to aid animals to distinguish between an extensive variety of
alluring and unpleasant objects, and frequently it plays a determining part in specific
interaction. Though, it was long considered of secondary importance to senses such
as vision or hearing [4, 5].

It is generally believed that human olfaction is limited because of the lesser num-
ber of olfaction genes as compared to rodents and dogs. Humans have about 350
functional smell genes while rodents have more than 1100 olfaction genes [6, 7]. On
the other hand, [8] in his review shows that humans have complex olfactory bulbs
and cortices which provides more sensitive and dynamic abilities for the sense of
smell and as a result humans could detect and distinguish at least 1 trillion different
smells [9], making humans more sensitive to some odor than rodents and dogs.

Since different individuals respond differently to smells, the physiological and
psychological state can be affected by smell through two mechanisms: (a) the intrin-
sic pharmacological properties of the odor molecule itself and (b) contextual asso-
ciation and memory. Contrary to expectations, research has shown humans adapt to
unpleasant smells more quickly than pleasant smells. Awareness of an unpleasant
smell is turned off more quickly, this may appear as a bad approach since bad smells
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signals to possible danger (bad or spoiled food, poisons, toxins, etc.) [10]. After we
have taken in the smell information carried by an unpleasant smell, we either avoid
it or, if we think it is harmless for the moment, we adjust to it. And immediately the
level of unpleasant smell is altered we became aware of it again [11]. This does not
happen with pleasant smells, emphasizing the point that pleasant smells have less
biological significance, at least in terms of survival. Yet pleasant smells can create
changes in heart rate, respiration rate, blood oxygen, skin resilience and blood pres-
sure [11]. Also, we tend to adapt to smells the longer we get exposed to them. For
instance, the longer one uses a particular odorant, at a time the user will not be able
to identify the concentration of the smell.

The sense of smell was discovered to be deeply rooted in the limbic system of
the brain, an area that governs emotion, behavior and long-term memory. Smells
can have a direct and subconscious effect on mood, specific emotions, attitudes,
work efficiency, perceived health, emotional memory, and emotionally conditioned
behavior [12]. Effects of smell on behavior can occur without conscious awareness
[13]. Unlike with other senses, when we smell, our brain reacts before we think about
what we are smelling.

For the sake of clarity this chapter has been divided thus: the first section of
this chapter provides a general introduction on science of olfaction, Sect.3.2 will
discuss the olfactory system and perception, while the theories of olfaction, chemical
interaction as well as process of olfaction will be described in Sect. 3.3. Section 3.4
will highlight different characteristics of smell while importance of olfaction will
be discussed in Sects.3.5 and 3.6 will be a brief discussion of how people adapt to
smells, smell dysfunction and effects of olfactory loss.

3.2 Olfactory System Anatomy

The olfactory system (OS) is the part of the sensory system used for smelling
(olfaction). Most mammals and reptiles have a key olfactory system and an additional
olfactory system called the accessory system. The main olfactory system identifies
airborne substances, while the accessory system detects fluid-phase stimuli. The
olfactory system as represented in Fig. 3.1 is the most thoroughly studied component
of the chemosensory triad and processes information about the identity, concentra-
tion, and quality of a wide range of chemical stimuli. These stimuli, called odorants,
interact with olfactory receptor neurons in an epithelial sheet, the olfactory epithe-
lium, that lines the interior of the nose [14]. The olfactory system consists of a
sensory organ (the olfactory epithelium) and exact olfactory brain areas, the first is
the olfactory bulb [14].

The perception of smells presents intriguing and dissimilar problems for the
nervous system, which is exclusive to the odorous world. First attribute being that
there is no single aspect that connects stimulus to sensation. Vision and hearing are
stimulated by foreseeable differences in frequencies of light and sound; touch is
stimulated by differences in frequencies of pressure on the skin. Odorant molecules
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Fig. 3.1 Scheme of the human olfactory system displaying: the olfactory bulb, mitral cells, bone,
nasal epithelium, glomerulus, and olfactory receptor cells

have no clear connections with each other apart from that they are odorous, that is,
they induce sensations in the olfactory system. The second exceptional characteristics
of the olfactory system is that it appears there is no restriction to the quantity of
odorous molecules that could be distinguished and described. There are basically a
countless quantity of odorous molecules. Touch, vision, and hearing all work inside
restricted spectra of light, sound and pressure, unsurprising spectra to which the
system have advanced [14].

The question is, in what way, can a system advance to perceive and react to such
an open-ended set of stimuli. Nevertheless, the olfactory system has resolved this
problem by generating a vast amount of distinct receptor genes. In the mouse genome
is about 30,000 genes, olfactory receptors account for more than 1000 [15]. One-
thirtieth of the genome is been dedicated to identifying smells. Humans have approx-
imately 900 olfactory receptor gene sequences nevertheless 63% are interrupted with
sequences in order to make them non-coding, therefore, they are referred to as ‘pseu-
dogenes’ [16]. In spite of the fact that people, with their lessen reliance on smell,
have approximately 350 dynamic olfactory receptor genes [16]. This implores the
question; what is it about the stimulus that necessitates such an enormous investment
of genes compared to the visual visual framework which requires just three three
genes to identify the color spectrum. Likewise, the auditory system only needs an
extra ordinary physical structure called the cochlea, which is designed through genes
used for several additional functions in development [14].
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3.2.1 The Olfactory Epithelium

The olfactory mucosa is the part of the nasal cavity that its main function is for
the detection of odorants. It comprises the olfactory epithelium; a patch of tissue
about the size of a postage stamp covered in mucus that lines the nasal cavity and its
underlying lamina propria as shown in Fig.3.2. In humans, the olfactory epithelium
measures approximately 1cm? (on each side) and lies on the top of the nasal cavity
around 7cm above and behind the nostrils. It is the part of the olfactory system
directly in charge of identifying smell. The olfactory mucosa ostensibly is situated
above and back part of the nasal cavity, near the cribriform plate through which the
olfactory nerves project to locate the olfactory bulb. The olfactory mucosa in adult is
not always adjacent and could be found more anteriorly and inferiorly on the nasal
septum and lateral wall [17, 18].

Remarkably, the olfactory epithelium go through a continuous process of neu-
rogenesis in which new neurons are constantly produced through adult life, and
this could clarify the discontinuity and spread of the olfactory mucosa [17]. The
axons of the sensory neurons exit from the olfactory epithelium and assemble in
groups inside the lamina propria to course superiorly and posteriorly. This will cause
them to assemble into bigger fascicles that shape the fila olfactoria that navigate the
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Fig. 3.2 Olfactory epithelium comprises of olfactory receptor cells, which have specialized cilia
extensions. Cilia traps odor molecules as they pass across the epithelial surface and information
about the molecules are transmitted from the receptors to the olfactory bulb in the brain
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skull base via the numerous openings of the cribriform plate to go into the olfactory
bulb. In the olfactory bulb, the axons will detach and pass into specialized struc-
tures, glomeruli, within which the sensory axons synapse with the mitral cells of the
olfactory bulb. Inside the olfactory epithelium, the olfactory sensory neurons reveal
only one of the numerous odorant receptor genes [15]. Cells expressing each gene
are dispersed apparently ‘arbitrarily’ inside the olfactory epithelium, subject only to
subgroups of these cells being restricted to numerous broad regions inside the nasal
cavity [19]. These sensory neurons once they direct their axons to the olfactory bulbs,
the glomeruli to which they are constrained are restricted to a single glomerulus on
either side of the olfactory bulb [20]. Hence, in mice there are approximately 1800
glomeruli [21] and about 1000 receptor genes [15]. Recent study showed that every
glomerulus is innervated by sensory neurons showing just single receptor gene [20].
The receptor gene identity exhibited by each sensory neuron is involved in aiming
its axon to an exact glomerulus, even though the receptor gene is essential but not
adequate to deliver the axon to a specific glomerulus.

3.2.1.1 Basal Cells

Basal cells are stem cells that are capable of separation and differentiation into
either supporting or olfactory cells. They rest near the basal lamina of the olfactory
epithelium. Though few of these basal cells divide quickly, a considerable proportion
remains relatively dormant and replace olfactory epithelial cells as required. This
results to the replacement of the olfactory epithelium every 6-8 weeks [22]. Basal
cells can be grouped into two populations based on their cellular and histological
characteristics: (i) the horizontal basal cells, and (ii) globose basal cells, which are a
heterogeneous population of cells comprising of reserve cells, intensifying progenitor
cells, and immediate precursor cells [23].

3.2.1.2 Supporting Cells

Similar to neural glial cells, in the olfactory epithelium the supporting cells are
non-neural cells that are situated in the apical layer of the pseudostratified ciliated
columnar epithelium. In the olfactory epithelium, the supporting cells are of two
types: (i) subternatural cells and (ii) microvillar cells. The function of the sustentac-
ular cells is as metabolic and physical support for the olfactory epithelium. Another
class of supporting cells are microvillar cells, they are morphologically and biochem-
ically different from the sustentacular cells, and arise from a basal cell population
that expresses c-Kit![24].

IC-kit is a type of receptor also known as tyrosine protein kinase.
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3.2.1.3 Olfactory Receptor Cells

These are bipolar neurons, each having a thin dendritic rod that consist of specialized
cilia which continues from the olfactory vesicle and a long central process that forms
the fila olfactoria. The cilia provide the transduction surface for odorous stimuli.
The apical poles of these neurons express odorant receptors on non-motile cilia at
the ends of the dendritic knob, which extend out into the airspace to interact with
odorants. Odorant receptors bind odorants in the airspace, which are made soluble
by the serous secretions from olfactory glands located in the lamina propria of the
mucosa. The axons of the olfactory sensory neurons assemble to form the olfactory
nerve. Once the axons pass through the cribriform plate, they terminate and synapse
with the dendrites of mitral cells in the glomeruli of the olfactory bulb.

3.2.2 The Olfactory Bulb

Inferior to the basal frontal lobe lies the olfactory bulb. It is a highly organized struc-
ture composed of several distinct layers and synaptic specializations. From outside
toward the center of the bulb the layers are differentiated thus: glomerular layer,
external plexiform layer, mitral cell layer, internal plexiform layer and granule cell
layer. The olfactory bulb is likewise connected with the amygdala, which processes
emotions, and furthermore the hippocampus, known for its part in learning. Hence,
smell is famous for activating memories and intense feelings.

3.2.2.1 The Anatomy and Physiology of Olfactory Bulb

The cellular structure of the olfactory bulb is said to be well recognized [25]. Sensory
information coming in, goes to the mitral and tufted cells that supply the output to
the higher olfactory centers. Inside the olfactory bulb, this output is intensely mod-
ulated by the interneurons available at numerous anatomical and processing stages.
Throughout the glomeruli are numerous types of interneurons, a large number of
which are dopaminergic, whose axons and dendrites form part of the complex neu-
ropil inside the glomeruli. Also extending far down the olfactory bulb are the granule
cells, which does not contain axons, nevertheless the dendrites connect with mitral
cell in more superficial layers, modulating their activity through complementary sets
of synapses from granule cell dendrites to mitral and tufted cells, and in the reverse
direction, the supposed ‘dendrodendritic synapses’.

The olfactory bulb physiology is subjugated by the spatial nature of the input. This
is precisely because of the spatial patterning of the sensory axons revealing diverse
odorant receptor genes, which when presented in the nose activates diverse patches
of glomeruli on the surface of the olfactory bulbs. The activity of the mitral cells is
spatially dispersed in a way that odorants are represented in the olfactory bulb by a
distributed form of mitral cell activity, since each mitral cell contains a dendrite in
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one single glomerulus [26-28]. The nature of interneuron connectivity then results to
improving of the reaction of the mitral cell both in time and space, with the result of
narrowing the reactions of the mitral cells to a lesser amount of odorant molecules in
relation to the sensory neurons [27, 28]. Likewise, the mitral cell reaction is narrow
in time too [27].

A distinguished characteristics of olfactory bulb anatomy is the convergence of
feedback from higher centers whose axons extend onto the interneurons at the gran-
ule and periglomerular levels. Together with the impression that cellular models of
memory are apparent in the activity of olfactory bulb neurons [29], these features
propose that the olfactory bulb is not simply a passive conduit for sensory informa-
tion, modulated and sharpened by interneuron activity. There is abundant indication
that the olfactory bulb physiology is controlled by previous exposure and experience
with odorants [30] and prove for feedback superimposed on the olfactory bulb [31].
It is thus possible that the olfactory bulb acts as a filter of some sort that matches
expected patterns of activity associated with food, mates or predators, for example,
with the pattern of sensory nerve activity.

3.2.2.2 Human Olfactory Bulb Size

The size of the olfactory bulb is comparative small in primates like humans com-
pared to the rest of the brain, constituting approximately 0.01% of the human brain
by volume in comparison to 2% of the mouse brain. Nevertheless, the absolute olfac-
tory bulb size is moderately large, quite bigger compared to that of mouse and rat.
Therefore, it is a natural question whether the olfactory bulb ought to be seen in
relative or absolute terms [32].

Brain structure studies across species showed that the size of any given region
in the brain is proportional to the overall size of the brain. Total size of the brain
could explain over 96% of the difference in the size of individual brain regions
across mammals [33]. Nevertheless, there is one glaring exemption to this rule; the
olfactory bulb size. Size of the bulb is not dependent on the size of most other regions
of the brain and constitute for nearly all the remaining difference. This exception is
considered by modern evolution scholars to be one of the three principles of brain
measuring: different allometric scaling for each structure, high intercorrelation of
structure volumes and comparative independence of the olfactory-limbic system
from the remaining parts of the brain. Therefore, the near prevalent thought of the
olfactory bulb in proportion to the rest of the brain is probably inappropriate [34].

A justifiable reason to evaluate the bulb in proportion to other structures is missing,
thus it appears better to evaluate its absolute volume. Age and experience can be a
variable factor in the volume of the olfactory bulb. The volume of the olfactory bulbs
is about 60 mm? in adult humans. In hyposmic patients, the bulbs have been noticed
to decrease by about 25% over time, and, in subjects who experienced childhood
maltreatment to be 20% smaller [35]. However, in the rat, between 3 and 18 months
of age the olfactory bulb doubles in volume (climaxing at around 27 mm?) as the
animal itself becomes physically bigger throughout adulthood, but this is unlikely
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to be accompanied by a corresponding increment in olfactory capacities. In adult
mouse, the olfactory bulb volume varies from 3 to 10mm? across strain and study.
Across mammalian species, the relative volume of the olfactory bulb is negatively
correspondent with general brain size. Notwithstanding these noticeable variances
in volume, there is little support for the view that physically bigger olfactory bulbs
predict better olfactory function, irrespective of whether bulb size is measured in
absolute or relative terms [8]. Why does the olfactory bulb have approximately con-
stant number of neurons across species? Historically, the relationship between brain
size and organism size has been interpreted to reflect the inherently larger infor-
mation processing needs of larger animals, more muscle fibers to organize, more
somatosensory input to interpret, and so forth. But, since the size of the organism
does not regulate the smells in its environment or its necessity to perceive olfactory
stimuli, this logic appears not to apply to the sense of smell [8].

3.2.3 How Human Olfactory Structures Differ from Those of
Other Mammals

The human olfactory structure especially the olfactory bulb which is responsible for
processing sensory input from the nose is different from other mammals. This maybe
because after birth this area ceases from developing new neurons [36]. Regardless
of the exceptionally comparable amount of neurons found in the olfactory bulb, the
olfactory system in human still has distinguished variation compared to other mam-
mals. Human olfactory bulb is arranged into an average of 5600 glomeruli, compared
to the mouse or rat with approximately 1800 and 2400 glomeruli respectively. And
each glomerulus obtains information from a subpopulation of sensory neurons that all
express a similar smell receptor, thereby create a glomerular map that characterizes
smell identity [8].

Therefore, in humans, combining higher number of glomeruli and a lesser amount
of functional smell receptor genes, implies that humans might have around 16 olfac-
tory bulb glomeruli that processes information from single smell receptor type com-
pared to approximately 2 in rodents. Absence of the “accessory” olfactory system
(AOS) a set of parallel structures in human as well as the vomeronasal organ and
accessory olfactory bulb which are present in several other animals may be a dis-
tinguishing factor between humans and animals. Initially, the AOS was accepted to
be particularly for pheromone recognition, but now it is understood to be a general-
purpose system for sensing low-volatility scents in liquid phase. Odor-based interac-
tion amongst organisms from same species can work together with the key and AOSs
and appears in species with and without an AOS, this also applies to humans [37].

Examination of carbon-14 in neuronal DNA, according to early study showed
that neurogenesis does not take place in the adult human olfactory bulb regardless of
being conspicuous in hippocampus and striatum [38]. In comparison with rodents,
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through the animal’s life, adult neurons play an ongoing role in olfactory bulb func-
tion. Nevertheless, regardless of the absence of adult neurogenesis, the human olfac-
tory system seems capable of much functional plasticity supported by neurogenesis
in rodents. The possibly most significant distinction between human and that of
other animals olfactory processing is that humans have much more intricate cortical
regions for construing olfactory information. Particularly for the orbitofrontal cor-
tex, that is probably bigger and more complicated in humans than in rodents, and
which makes wide contacts to other neocortical regions. These differences could
permit the system to incorporate smells into background or semantic networks, or
to experience plasticity to maintain function after peripheral damage, or to integrate
learned information [39].

3.3 Olfactory Perception

Odor perception is influenced by many factors unique to each individual as well as
external environmental factors. The basis of odor perception is the contact between
chemical molecules, mainly in the gaseous state and the nose, which can be detected
by the olfactory epithelium and stimulation of the olfactory sensory neurons and
terminates in higher cerebral centers which, when activated, make us consciously
aware of an odor.

3.3.1 Olfactory Receptors

Olfactory receptors also known as odorant receptors. Odor recognition and perception
occur as a result of stimulation of olfactory receptor neurons (ORNSs), which are
situated in the primary sensory organs, i.e. the nasal epithelium in vertebrates. The
response profile of each ORN is determined by one functional type of olfactory
receptor [40]. The numbers of functional OR types range from a few dozen in insects
to approximately 600—1400 in vertebrates [40]. Such a high number of independent
information channels give olfaction possibly a much higher dimensionality than other
modalities. The olfactory receptor in vertebrate are situated in both cilia and synapses
of the olfactory sensory neurons and in the epithelium of the human airway. Olfactory
receptors show affinity for a variety of odor molecules, rather than binding to specific
ligands and equally a single odorant molecule might bind to a number of olfactory
receptors with varying affinities which is subject to physio-chemical properties of
molecules like their molecular volumes.

In vertebrates, the olfactory receptors are located in both the cilia and synapses of
the olfactory sensory neurons [41] and in the epithelium of the human airway [42].
Near the upper conchae are the olfactory receptors. Humans have approximately 400
functional genes coding for olfactory receptors, and the remaining 600 candidates
are pseudogenes [43]. The reason for the large number of different odor receptors is
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to provide a system for discriminating between as many different odors as possible.
Even so, each odor receptor does not detect a single odor. Rather each individual odor
receptor is broadly tuned to be activated by a number of similar odorant structures.

3.3.2 Theories of Olfaction

In the past years, several theories relating odorant quality to molecular structure have
been proposed. Here are different theories surrounding olfactory perception. One of
them is the shape theory of smell which proposes that a molecule’s smell charac-
ter is because of its molecular shape, molecular size and functional groups [44]. But
the complex connection between the shape of an odorous molecule and its perceived
smell character is still unclear. The challenge remains regardless of several studies yet
the shape-odor relationship is not being discovered [45]. Differently shaped molecules
with similar molecular vibrations have similar smells. On the other hand, the Vibra-
tion theory of smell as first proposed by Malcolm Dyson in 1928 suggests that a
molecule’s odor character is because of its vibrational recurrence in the infrared range.

Another theory is called odotope theory, also known as weak shape theory. This
theory explains how olfactory receptors bind to odor molecules. The theory suggests
that a mixture of shape elements determines the joining. Another theory of odor
originally proposed by [46] and extended by [47] is called the Steric Theory of Odor.
He proposed that air borne chemical molecules are smelled when they fit into certain
complimentary receptor sites on the olfactory nervous system. Primary odors such as
ethereal, camphoraceous, musky, floral, minty, pungent and putrid were suggested by
Amoore. The steric theory is appropriate to the possibility that the odorant receptor
proteins receive just certain odorants at a particular receptor site [48].

Auffarth [1] in his review, started that odorants are detected and thus encoded
by distinct sets of olfactory receptors, and resulting in spike generation by olfactory
receptor neurons. His study involves the review of several principles of olfactory
receptors which according to him were incompletely understood. They include; the
transduction principle of olfactory receptors [49], the odotope or weak shape the-
ory [45], the vibration theory [50]. Another work, molecular vibration sensing by [51]
which claim that human olfactory receptors can be distinguished using vibrational
theory energy level sensing was challenged by another report by [52]. It was con-
cluded that the proposed vibration theory does not apply to neither of the human
olfactory receptors examined. Hence, [44] in his report lay to rest the argument
against the vibration theory of smell because of lack of evidence.

3.3.3 Chemical Interaction

In the sequence of event of olfaction, the odor molecules attaches to the receptor
cells and action potentials are produced in the receptor neurons. When the odorant
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Fig. 3.3 Sequence of event in chemical process of olfaction

interacts with the receptor, numerous changes ensue in the interior of the receptor
cell especially in mammals. The chemical events are summarized in Fig.3.3. Here
odorant molecules dissolve in the mucus and then bind to the receptors on the cilia.

When that happens, the receptor protein activates a G-protein which in turn acti-
vates the enzyme adenyl cyclase, an enzyme embedded in the plasma membrane
of the cilia. Adenyl cyclase then converts ATP to cyclic AMP. The cyclic AMP
(cAMP) increased and opens a sodium ion (Na") channel and the Na™ flows into
the cell this decreases the potential across the plasma membrane, and trigger Na™
efflux depolarizing the receptor neurons and then produce an action potential [53].
The action potential is conducted back along the olfactory nerve to the brain and
the brain evaluates this and other olfactory signals reaching it and interprets it as a
particular odor.

3.3.4 The Process of Olfaction

Volatile chemicals can take about two routes to reach the olfactory sensory cells.
The routes include orthonasal and retronasal routes. In rethronasal route, the odorant
enters the mouth and then diffuses through the nasopharynx to the nasal receptors
and then out of the nostrils while in orthonasal route the chemical is carried in the
air to the external nostrils and then to the nasal receptors. The air molecules, once
inside the nostrils gets to the olfactory epithelium, which is made up of three kinds
of cells and contains millions of olfactory receptors that are capable of binding with
specific odor molecules [53]. In the olfactory epithelium, odor molecules bind to
olfactory receptors which are expressed in olfactory sensory neurons in the nose.
Once an odorant binds to the receptor, the olfactory receptors trigger a series of
signals to the cells interiors that ultimately results in the opening and closing of ion
channels. This increases the concentration of positive ions inside olfactory cells. This
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Fig. 3.4 Scheme of the human olfactory process, modified from [54]

depolarization causes the olfactory cells to release tiny packets of chemical signals
called neurotransmitters, which initiate a nerve impulse. Odor information is then
relayed to many regions throughout the brain [15] which is perceived as smell as
illustrated in Fig.3.4.

3.4 The Characteristics of Sense of Smell

Vision and audition are considered the “higher” senses while touch, taste and smell
are the “lower” senses. In the nineteenth century, a distinction was made between
the two senses. But are the two types of senses certainly different these days and can
grouping them the way they were still be possible? Vision and hearing are involved in
such essential human activities such as spatial orientation and communication [55].
Vision and hearing are what drives the great arts e.g. painting, architecture, music,
film and photography etc. while touch, taste and olfaction can only demonstration
smaller glories e.g. perfumery and cooking and, to some extent, and only in com-
bination with vision. These senses appear very subjective and not as much of uni-
versal. However, they are more related to feelings and emotions than to thoughts
and decisions. What then are the benefits of having these senses? And what are their
characteristics? The senses help us feel at home in our world. Notwithstanding, sense
of smell has some distinguishing characteristics different from vision and hearing.
The main characteristics of smell will be discussed in the following sections.

3.4.1 The Sense of Smell is a “Hidden” Sense

Olfaction is rarely in the focus of attention unlike vision. We could process much
information without being conscious of it in vision. We can be walking on the road
and be thinking about other things and not be conscious of vehicles or other road
users. But in smell, awareness of odors is exception rather than rule. We perceive
smell all the time, it is capable of influencing our moods and the quantity of time
we spend in certain locations and perception of other people. A study suggests that
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odors may have a stronger effect when it is unidentified or the presence unnoticed
than when it can be clearly identified [56]. Odor intensity is often suppressed by
mixing odors in uneven ratios. Odors do not stop exerting influence on behavior and
mood, even when stimuli could no longer be deliberately perceived or are no longer
present.

One of the reasons it is difficulty to talk about or describe odors is the fact that
humans are rarely conscious of the odor around them. The few abstract words so far
for odors like fresh or musty, do not mean the same for everybody. Mostly, odors
are designated by the name of their source e.g. strawberry, coffee etc. Based on
sensory analysis and from perfumery, it is well known it takes a long training before
people can consistently describe olfactory experiences in detail. Furthermore, study
has established [57] that odors might be indirectly remembered without awareness of
the learning event, and that such memories could be disturbed by clear knowledge of
the odor. If sense of smell is certainly a “hidden” sense, therefore in normal everyday
life odors may not be intended to be talked about, but just to be experienced with all
the amazingly emotional memories they involve.

3.4.2 The Sense of Smell is a “Nominative” Sense

The sense of smell mainly provides us with simple “nominal” data concerning the
existence of qualitatively different odors in the surroundings different from vision and
audition in which the unconscious measurements of comparative intensity, size and
tone play a significant role in informing us about the structure of the world around
us. To deliver such nominal information, sense of smell combines good absolute
sensitivity for many odors. The nose is still the most sensitive part of the body,
having exceptional quality discrimination enabling us to distinguish practically any
two odorous compounds offered to us. Identifying odor by name is hard, even though
distinguishing a lot of different odors is easy [58]. When two types of odors are
presented successively, it is easier to detect whether they are same or different [55].
This shows that in sense of smell, quality discrimination is considered more vital
than identification. Contrary in vision, identification is more important than quality
discrimination matches are at all times faster than non-matches. At the same time,
olfaction has rather poor intensity discrimination. In order to be perceived as different
from a given odor concentration, the concentration of that odor has to be raised by
about 20% [55]. In vision, an increase of only 2% in brightness suffices to see a
difference. Obviously, detection, discrimination and recognition of odors as familiar
or unfamiliar are more important than the measurement of intensity gradients or
verbal identification of the odor. All these are in accordance with the function of
olfaction as a warning system against dangers in the environment and the surrounding
air or in food we take into the mouth. Immediate detection of changes in quality is
very important, since we cannot afford to stop inhalation and we cannot swallow
poisonous food.



42 3 Science of Olfaction

3.4.3 The Sense of Smell is a “Near” Sense

The sense of smell has the characteristic feature of being “near” because all the
information relating to quality of an object is found in the molecules that are directly
in contact with the receptors [55]. On the hand, vision and hearing are termed “far”
senses because information about objects are transmitted to the eyes as well as the
ear by the intervention of light and sound waves. That the widespread differences in
specific olfactory sensitivities also influence the perception of the very complex odor
mixtures to which people are exposed in everyday life, will be clear. Thus, it can
be concluded that people differ much more in the way in which they perceive odors
than in the way they perceive visual objects. These large inter individual differences
in olfaction find their origin not only in differences in interpretation as in vision,
but also in the sensory bases of the perception itself. That such differences do not
harm us, is related to the fact that we do not use odor information in orientation and
movement and that we learn to attach (emotional) meaning to odors [55]. Even if a
rose, with its mixture of flowery and faecal odors, may smell different to each of us,
we all have learned to like the smell and to connect it with love and tenderness.

3.4.4 The Sense of Smell is an “Emotional” Sense

Olfaction plays a vital role in how humans learn to distinguish between foods early
in life. Usually, the first food perception were the ones from our mothers and these
remain with us for a significant part of our lives. By association we can link odors
to emotions and according to studies odor memories have been found to be more
emotional than visual memories [59]. Hence, different individual may perceive the
same odor differently, depending on their different emotional encounters with the
odor in each person. Another study demonstrated that the perceptual responses to
smells could easily be influenced by emotional suggestions. In this study, subjects
were exposed to known odors and were asked to rate the odor intensities for about
20 min.

3.4.5 The Sense of Smell has a “Special” Memory

In olfaction learning and memory plays a vital part, [60] has given in their review,
several number of arguments to back the view that olfactory memory differs from
verbal memory. Because olfactory memory is episodic and not semantic in nature,
humans tend to remember where and when they have come across an odor before,
but in most situations the name of the odor may not be remembered, but most times
through guessing we can deduce the name. “When I was small, I smelled this odor
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in the attic of my grandparent’s house. There they kept the apples during winter. It is
dried apple smell” [55]. That forms a special memory because it is never forgotten.

Most times when odor and words are presented in a learning situation, odors may
be forgotten rapidly compared to words. But when odor is remembered, it stays longer
and often forever while words are slowly forgotten entirely. Therefore, inability to
remember seems to follow a different time course in olfaction and with verbal stimuli.
Furthermore, odors play an important role in making us feel at home in the world.
Without any clear awareness, we link emotionally meaningful situations to odor and
carry them with us in an implicit memory that makes them typically involuntarily
when the odor recurs.

The best means to learn about the actual meaning of the sense of smell and olfac-
tory memory in human life is to listen to people who lost their olfactory sensitivity.
These people loss both pleasure of food and drinks because they can not perceive
the flavor in either food or drink. Loss of olfaction will affect their emotions and
this may eventually lead to depression [61]. Therefore, it is evident that vision and
olfaction are different on many important points.

3.5 Human Sense of Smell is Exceptional

It is generally believed that humans have an inferior olfaction compared to other
animals such as dogs and rodents. Are humans really inferior to other mammalian
species regarding their ability to perceive smells [8]. The answer is “no”, because the
human olfactory system is exceptional depending on standard of measurement used.
When comparing with dogs, dogs might be better in some forms such as discrimina-
tion urine smells on fire hydrant, but in discriminating smells of fine wine, humans
might be better [8]. However, the primate olfactory system is extremely sensitive to
numerous odors when tested correctly, and could employ strong impacts on behavior,
physiology, and emotions. Humans whose olfactory systems are intact could perceive
almost all volatile chemicals bigger than an atom, in that scientists are now interested
in documenting the few odorants that some people cannot perceive [62]. A current
study calculated and claim that human could also tell virtually all odors apart, with
a projected capability to discriminate more than 1 trillion possible smells [9]. Nev-
ertheless, another study by [63], claim this particular number is extremely sensitive
and wrong. Suggesting that the failure is as a result of the mathematical method used
to deduce the size of odor space from insufficient experimental sample. However, it
is no doubt that the human olfactory system is exceptional at odor discrimination,
even better than the presumed 10,000 odors claimed by some studies [8].

Sense of smell strongly influences human behavior. As earlier stated, environmen-
tal smell can bring out specific memories and emotions, influence autonomic nervous
system activation, shape perceptions of stress and prompt approach and avoidance
behavior. The human olfactory system sometimes also plays a major and unconscious
role in communication between individuals. Sometimes, after we shake hands with
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a stranger, we tend to unconsciously smell our hands, signifying an unanticipated
olfactory component to this shared social communication [8].

Olfactory communication and perception may be altered by factors such as the
developmental stage, sex and age which leads to difference in smelling competence.
Sense of smell can also be altered by individual experiences, such as changed odor
perception after odor-cued aversive conditioning. Furthermore, the signals from the
human olfactory system are always interpreted by the brain in terms of context,
anticipation, and previous learning. The human olfaction is however much more
essential than we think.

3.6 Olfactory Adaptation and Olfaction Dysfunction

Sensory adaptation, the decrease in response to a continuing stimulus, also happens
in olfaction as in other senses. Olfactory adaptation is quick and complete because of
a special chemical system that neutralizes the response of OR to smell. In olfaction,
smells appear to be 80% less powerful following a couple of minutes of exposure [64].
Because of olfactory adaptation, persons who are wearing excessive fragrance or
cologne rarely acknowledge it. The smell is just one-fifth as effective to them as it
is to others [64]. A person who spends lots of time working close to an unpleasant
smell gets to the point where olfactory adaptation is 100% and he or she cannot smell
it at all [64].

Example of olfactory adaptation as experienced by co-author (Sharon Kalu Ufere),
while living in an Industrial area of Port Harcourt Nigeria. Where several industries,
factories and oil mills were situated close to the residential areas. According to her,
initially, she complained of the unpleasant odor that constantly pollutes the air. But
as time went by, she got used to the smell that she did not recognize it anymore.
Unfortunately, any time a visitor comes around from another town, the visitor will
constantly perceive the “terrible smell” in the air. It got to the extent that the family
could travel, come back and not realize the difference in smell.

This is different from olfaction dysfunction, whereby sense of smell is either
partially or totally lost due to one medical condition or another. About 2 million
people in the United States experience some type of olfactory dysfunction. Olfactory
dysfunction may be as a result of head trauma, tumors of the anterior cranial fossa,
upper respiratory infections and exposure to toxic chemicals or infections [65].

The degree of smell abnormalities is described using the following terms [66]:

Anosmia: absence of smell sensation

Dysomia: distortion of smell sensation

Cacosmia: sensation of an unpleasant or foul smell

Parosmia: sensation of smell in the absence of appropriate stimulus
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3.6.1 Effect of Olfactory Loss

Olfactory loss impacts both the health and safety of patient, the quality of life and
the vocational life. Patients with olfactory loss are at significant health and safety
risk owing to their inability to perceive gas leaks, smoke, spoiled foods and other
olfactory-related warning signs that may be existing in the workplace or at home [67].
Among these cited activities, recognition of decayed food happens to be the common-
est, followed by detection of leaking gas [68]. Study by [67], found that patients with
decreased olfactory function are more likely to experience an olfactory-related dan-
gerous event compared with those with normal olfactory function. Olfactory impair-
ment also affects individual’s quality of life [69]. The use of perfumes and cologne
decreased and deodorant usage increased. Also, it may affect their hobbies [70].
Younger people are more concerned with their quality of life than older individuals,
and women appeared to be more affected powerfully than men. Generally, people
with continuous olfactory loss report they were more dissatisfied with their life,
than those with improved olfactory function. Persons who suffered olfactory impair-
ment may find it difficult going back to his/her formal vocation. Study showed that
patients with anosmia resulting from closed head injury encountered problems when
they wanted to go back to their formal jobs [71]. Most demonstrated psychosocial
disorders associated with orbital frontal cortex damage, an important brain region
for the processing of olfactory information. Olfactory impairment mainly impacts
perfumists, florists and cooks. Others such as firefighters and chemists with olfactory
impairment may be at risk to themselves and others.

3.7 Summary

The sense of smell help us feel at home in our world. Furthermore, they are more
related to feelings and emotions than to thoughts and decisions. Humans smelling
ability is said to be weaker compared to other mammalians due to lesser number of
olfactory genes. However, humans have complex olfactory bulbs and orbitofrontal
cortices which provides them with more sensitive and dynamic abilities and as a
result can detect at least 1 trillion different odors. In this chapter, we have answered
afew questions regarding the sense of smell, such as the constituents of the olfactory
system, how humans perceive smell sensations as well as highlighting the character-
istics of smell. The difference between olfactory adaptation and olfactory dysfunction
and some negative effects of olfactory loss was discussed as well.
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Chapter 4 ®)
Electric Taste Geda

Abstract To pursue the next stage of the internet, humans should not only commu-
nicate emotions with visual, audio, and tactile stimuli but also with taste (gustation).
Humans will want to share these stimuli collectively as an experience digitally, like
they currently do with the visual and audio media on the internet. We want to propose
the idea of gustation creating and experiencing digital representation of taste sensa-
tion. However, a new methodology is first needed to digitally stimulate the sense of
taste to enable internet communication of the sense. We propose an electrical tongue
stimulation device, which the user places in their mouth to produce taste sensations.
This technique operates by inducing weak electric signals by changing frequency
and Pulse Width Modulation (PWM) produced by the circuitry. Several experiments
were carried out to evaluate this approach of digitizing taste sensations. Results from
experiments show a new user experience through digital taste stimuli.

4.1 Introduction

When Alexander Graham Bell invented the telephone, people could finally listen
to music without being physically present at a concert. Later in that century, Paul
Nipkow made a device that transmitted visual images which led to the development of
the television [1]. Virtual haptic sensation has recently been becoming more accurate
in research, and more common in commercial applications such as game controllers.
However, a controllable and non-chemical actuation of taste has yet to be achieved.
Aside from the enjoyment of food, taste has an advantage over all the other senses in
that the neurological interaction between them and our emotions and memories are
direct, as both are located in the limbic system of the brain [2].

‘When we taste foods, our brain reacts to chemical based tastes due to the excitation
initiated by a receptor protein in the cell membrane. By changing its conformation
when it forms a complex with a stimulant. Mathematical models of the excitation for
chemical stimulation of the taste receptors have been proposed [3]. To our knowledge
no such analytical models have been proposed for electrical taste. Currently, there are
two hypotheses known for the mechanism of electrical taste. The electrolyte-chemical
hypothesis proposes that the anode creates an acid solution by electrolysis and the
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surplus of positive hydrogen ions then stimulates the taste cells specific for the sour
quantity [4]. Previously strong evidence is presented for the idea that hydrogen ions,
resulting from the dissociation of food acids, enter sour-specific taste cells that inform
the brain about the offensive material. The brain can then decide what to do, often to
pull a “sour face [5]”. The direct effect hypothesis, which claims that electrical taste
is the result of an action of the current on either the nerve fibers of taste receptor
cells [6]. Only the sour-sensitive taste receptor cells are thought to have low apical
resistance, which permits the current to enter the cells [7].

There is conflicting research results as previous scientific research has so far
been unable to determine precisely which taste qualities are elicited by electrical
stimulation. The prevailing theory of electrical stimulated taste is that weak electrical
current delivered to the surface of the tongue elicits a sour taste experience [8].
However, recent results have shown that electrogustronomy relates to an ability to
appreciate all the five tastes: sour, sweet, salt,bitter and umami. The recent research
by [4, 9] showed that electrogustrometry correlated with all five taste qualities. The
researchers found that all tastes could be perceived by electrical stimulation. They
proposed that there is a direct depolarizing mode of action of the sensoryneural
tongue aspects. Previous works have shown correspondence in the taste qualities
elicited by electrical and chemical stimulation. Von Békésy [10] used electrical as
well as chemical stimulation of single papillae. It was found that using electrical
stimulation, a sensation corresponding to one and only one of the primary tastes
could be stimulated.

Preliminary experiments have shown that correlations exist between the amounts
of current applied and the taste sensation generated [11]. Also, other experiment
showed that certain tastes could be artificially stimulated using electrical current
stimulation on the human tongue. These sensations were stimulated using an electri-
cal taste device with different experimentally determined PWM. As of now we can
use our digital taste interface device to produce some basic taste sensations. We use a
combination of electrical signals with electrodes to produce taste sensation on the tip
of the tongue. Figure 4.1 illutrates the idea how to develop this electrical taste device.
Various trials of this parameters produces different taste sensations. The electrical
stimulation module provides square wave pulses to the silver electrode with diverse
PWM where it controls the percentage of the duty cycle. In this study, the duty cycle
was varied from O to 100%. The initial experimental results suggested that sour and
salty are the main sensations that could be evoked.

4.2 The Taste Technology Devices

In humans, sense of taste is one of the chemical senses used every day in relating
to one another. In the mouth (especially on the tongue) are chemically stimulated
receptors responsible for detecting diverse taste sensations. Hence, one or more
chemical substances in the mouth are involved in stimulating the sensation of taste.
In Human-Computer Interaction (HCI), chemical stimulation of taste has been used to
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develop interactive systems. Hence, this section discusses few studies with chemical
based and non-chemical stimulation methodologies. There are possibility of using
non-chemical stimulation methods to stimulate taste sensations digitally. However,
the reported studies are conducted mainly in the medical domain (with controlled
environments), are invasive, or only in the experimental stage. Therefore, to achieve
electrical and magnetic stimulation methods as a means of actuating the sensations of
taste, this research will achieve research breakthroughs in controllability, accuracy,
and robustness.

4.2.1 Chemical-Based Approach for Taste Actuation

There are quite a few studies conducted based on the chemical stimulation of taste. In
Human Computer Interaction (HCI), chemical generation of taste sensation has been
utilized to develop new systems, though using chemicals in an interactive system to
stimulate taste perception is complicated. The following examples of taste stimulation
using chemical approach are discussed.

The Food Simulator uses chemical and mechanical linkages to simulate food-
chewing sensations by providing flavoring chemicals, biting force, chewing sound,
and vibration to the user [12]. The mechanical part of the device comprises primarily
of a vibration sensor, vibration motor, and the linkages. While the part inside the

Electric Taste Actuator

| Electrical Stimulation |

Electrical Stimulation | Taste Receptors |

N | Excitation |

Taste Receptors .

| Brain |

| Perception |

Fig. 4.1 Approach to digital taste stimulation
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mouth consist of a rubber cover, meant to prevent a user’s bite and the motor provides
suitable resistance to the mouth along with chewing sound and chemicals. In this
study, the researchers studied the cross sensory interactions of taste with sound,
texture, and force [13].

Another taste device using chemicals to stimulate the sense of taste is called
TasteScreen [14]. This device is attached to the top of the user’s computer screen
which holds 20 different chemical flavoring cartridges to mix and spray toward the
screen. By licking the computer screen, the user can then taste the released taste.

Another example is Virtual Cocoon which sprays chemicals into the mouth of
the wearer to generate a different type of taste sensation [15]. The system stimulates
other senses (vision, touch, smell, and audition) as well and not only sense of taste. To
produce different flavor, a container of chemicals is connected to a tube which sprays
into the users mouth and nose. It uses numerous ranges of chemical to stimulate smell
and taste senses, therefore the system is unmovable. As stated by the researchers, the
Virtual Cocoon headset may perhaps mimic all five senses and make a virtual world
as convincing as real life. However, scientists are still working to make this possible,
as to date, Virtual Reality devices have not been capable of stimulating concurrently
all five senses with a high degree of realism [16].

Furthermore, as of late there are a few investigations that have shed some light into
virtual taste system. For instance, [17] illustrates a pseudo gustatory show in view of
the virtual shade of a genuine drink. They utilized a wireless LED (Light Emitting
Diode) module connected to the base of a straightforward plastic cup, along these
lines to super impose the virtual color of the drink. Outcomes of their experiment
demonstrate that distinct colors provoke users to decipher different flavor of a similar
drink.

Also, the Tag Candy and Meta cookie systems [18] utilize augmented reality
based methods to produce different sensations. The Tag Candy utilizes vibration and
hearing via bone conductivity to deliver several sensations as a user enjoys a regular
lollipop tied to the system. On the other hand, the Meta Cookie system utilizes smell
and visuals information to provide different taste sensations to the user while eating
a normal cookie. To cover the real cookie with a virtual cookie in the system, the
printed augmented reality marker is used. Also, based on the user’s choice, smell
information is sent to the user, thus to produce different sensations although the user
consumes the same regular cookie in real.

And finally, the device known as gustometer [19], a battery-powered instrument
used to deliver a determined concentration and volume of a taste stimulus to the
tongue over a specified period. It is also used for assessing the sense of taste. It is
made up of two electrodes which are to be placed on both sides of the tongue at various
taste centers and that provides a galvanic stimulus resulting in taste sensation. These
gustometers could be used on animals to train them to respond to various fluid stimuli
differently and to measure unconditioned licking behavior to stimuli presented for
short durations to receive a reward or avoid punishment [20].

Audio, visual, and haptic fields are well researched. We believe the next challenge
is virtual taste using techniques that are currently unattainable using chemical based
methods. Digital taste is one such technique of actuating taste with electric stimula-
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tion. This has advantages over chemical stimulation because it is more scalable and
taste can be transmitted directly over the internet.

We believe through this research we can eventually digitally actuate all main tastes
(bitterness, saltiness, sourness, sweetness, umami) using digital means to actuate and
transmit the taste information. It could have long term implications in the future of
many disciplines. By using digital taste, we will be able to create new ways to create
content and new knowledge of food that can be shared, learned, and created in new
interesting ways previously unobtainable with current methods.

4.2.2 Non Chemical-Based Approach for Taste

The scientific knowledge for stimulating the human sense of taste with non-chemical
approaches is still in its early stage [13]. One of the early scientists, Alessandro Volta,
known for the invention of electric cell and discovery of Voltage, studied the sensory
effects of electrical stimulation on human senses particularly for sight, taste and
touch. He positioned two coins, made from different metals on the two sides of his
tongue (up and down) and linked them via a wire. He said during the experiment, he
felt a salty sensation [21] (Fig.4.2).

Basically, there are numerous indications of stimulating taste sensations via elec-
trical and thermal stimulation in electrophysiology. In a study by [23], electrical stim-
ulation of a single human tongue papillae using a silver wire, providing responses for
salty, bitter and sour tastes. Authors used both negative and positive electrical pulses
with a frequency range of 50 to 800 Hz. The results provided effective responses for
the sour taste (22.2%) and some small responses for the bitter (3.8%) and salty (1.8%)
sensations. Lawless presented metallic taste generation from electrical and chemical
stimulation [11]. They observed the similarities and differences of stimulation with
metals, electrical stimulation, and solutions of divalent salts and ferrous sulphate and
investigated sensations that occurred across oral locations using electrical stimulation
and different metal anodes and cathodes.

Nakamura shows research using electricity for augmented gustation [24]. They
apply electric current through isotonic drinks and juicy foods to change the taste
perception of them by pulsing voltage and amplitude input. In his later research,
Nakamura propose a saltiness enhancer by applying weak cathodal current for a
short time when the user eats or drinks [25]. However other perceptions such as
sourness and bitterness was also perceived. Hence he conduct another experiment to
compare the intensity of the fundamental tastes and a metallic taste over three phases:
before application of current, during application of current, and after the release of
current [26]. The user feels that after release of the cathodal current, are more salty
than natural foods.

In another research [27] alter the taste of soup by stimulating tounge electrically.
They experiment on anodal and cathodal stimulation, using electrode pairs attached
to a silver spoon. Result shows that anodal stimulation using this system amplifies
acidity, saltiness and taste strength. Sakurai in his work demonstrate cathodal direct
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Fig. 4.2 Alessandro Volta [22]

current stimulation to produce saltiness and umami perception [9]. Besides, their
experiment shows that the magnitude of the taste suppression is linearly affected by
the amplitude of stimulation current. Furthermore, to evaluate the taste recognition
thresholds of patients with taste dysfunction, a clinical tool electrogustatory is utilized
to electrically stimulate the human tongue. The electrogustometer makes use of direct
current with stainless steel electrodes to estimate the threshold of pleasure on patient’s
tongue [28].
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Philips Electronics [29] on the other hand, has a patent on a system to generate
taste sensations utilizing electrical stimulation. To determine user’s taste preferences,
they built a tongue apparatus, which can measure the saliva flow in relation to the
stimuli. There are other studies on tongue based interactive systems majorly for
physically disable people which generally uses the movements of the user’s tongue
as an alternative input methodology for computers [30, 31].

Finally, digital lollipop [32], a work of the authors, an electronic device that
produces virtual tastes by stimulating the human tongue with electric currents. The
device can produce four of the main tastes: bitter, salty, sour and sweet. The sys-
tem can manipulate the properties of electric currents to formulate different stimuli.
Through a sliver electrode, the devices produce alternating current signals stimulating
the tongue’s taste receptors to mimic the main taste components. To simulate food, it
generates small varying amounts of heat as well. The digital lollipop can ultimately
be of great importance to Alzheimer’s patients by helping them to “either enhance
or suppress certain senses” and people with diabetes might as well be allowed to
experience sweet taste without increasing their blood sugar levels.

4.3 Methodology

We proposed a new device to artificially induce taste sensations, and technology can
be applied to various domains. Our method focused on the accuracy and repeatability
of the taste actuation systems, which will enable user to operate this device in an
independent manner.

To generate taste sensations digitally, we constructed our own device that can
deliver electric current in a controllable and safe manner to the users tongue. This
device is shown in Fig. 4.3, where user can place the apparatus on top of the surface
of his/her tongue. Controller circuit can generate electric pulses based on the user’s
input and outputted to the tongue membrane where the tongue makes physical contact
with the device. The current travels across the tongue which excites the taste cells that
signal the brain that a taste is being sensed. We were interested in the robustness of the
system, specifically the sensory adoption, taste controllability through a population,
and the comfort while using this system.

We created the PCB using Eagle Software and Fig. 4.4 shows the circuit diagram of
the device. It consists of an Arduino Pro mini which receive input from a PC terminal
via USB connection. The Arduino can output frequency and PWM as programmed.
We use this feature to produce square waves of varying frequencies and PWM to
control the taste interface. The user feels this current simulation with their tongue
and the result produces several scale of taste sensations.We use a magnitude range
of 20-200 uF and a frequency range of 50 Hz—1 KHz.

Since the measured impedance is different in everyones tongues, we created an
additional part of the circuit that provides a constant current source using an oper-
ational amplifier and an NPN transistor. The current output is delivered to the load
(silver tongue electrodes), which are placed on the top and bottom of the tongue.
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‘We mounted the electrodes to the PCB at a slight angle using a special silver epoxy
that conducts current from the PCB pad to the electrodes. The device was designed
to operate in six modes; digital high, digital low, 20, 1200Hz, PWM 39% ON,
PWM 94% ON. Each signals patterns generated by the device is shown in Fig.4.5.
The results showed that there are negative spikes at the falling edge due to stray
inductance.

‘We conducted a preliminary study across fifteen participants to evaluate the effec-
tiveness of digital taste as a means to stimulate taste. Participants chosen were of
good health and reported no taste problems and were instructed not to eat, drink,
or smoke two hours before the tests. As in Fig.4.6, participant place the electrode
to their tongue to receive the taste perception. We were interested in the robustness
of such a system, such as sensory adaptation, controllability of the tastes through a
population, and also the comfort of using this system.

Our study shows that some tastes can be effectively actuated across our population
of users. Users showed some hesitance when placing the device into their mouths
due to its appearance. Analytically and experimentally determine the characteristics
of non-invasive electromagnetic stimulations on the human tongue towards electro-
magnetically generating primary taste sensations. At this first stage of the research,
standard laboratory equipment for generation of electromagnetic fields were used, so

Fig. 4.3 Digital taste interface
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Controlling the device using

Serial monitor program Participant

Digital Taste Device

]
=

(! Basic Taste Solutions
for the Pretest

Fig. 4.6 User study setup of the electric taste experiment

the bulkiness and comfort will not be optimized. Safe and well established procedures
were used throughout this research.

The percentages of the participants who reported the taste-related sensations and
non-taste-related sensations for electrical stimulation is shown in Figs.4.7 and 4.8.
Additionally Figs. 4.9 and 4.10 report the means for the intensities of taste sensations
and non-taste-related sensations produced by electrical stimulation. These results
indicated that electrical stimulation of the tongue induced several taste sensations;
5V stimulation actuate a strong metallic (86.67%) and electric (93.33%) taste sen-
sations, 20 Hz stimulation evoked sour (86.67%), salty (83.33%), metallic (86.67%)
and electric (93.33%) sensations, while 94% duty cycle stimulation induced sour
(80%), metallic (86.67%) and electric (96.67%) sensations. Results showed that the
effects were significant for sour(p < 0.001), salty (p < 0.001), Metallic (p < 0.005).
Other taste sensations reported included sweet, bitter, umami, fatty (oily), mint, car-
bonation, chemical, and spicy. Some participants experience non-taste perception
using the same stimulation parameter such as coldness, numbing, unpleasant, and
pressure.

In summary,we found that electrical stimulation had statistically significant effects
on producing sour and salty sensations. In addition, more than 50% of subjects
reported that electrical stimulation produce spicy, bitter, metallic, electric, and pres-
sure sensations. We also found that increasing the voltage will produce more intense
sensations. Further, lower duty cycles generated lingering and cold sensations while
higher duty cycle values improved the pressure and unpleasantness.
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The system was evaluated by comparing the perception of single tastes with real
and artificial versions as a complete unit. In addition to user feedback to compare
perception of real and artificial tastes, we will also examine the associated nucleus
of the real and artificial tastes in the brain by Electroencephalography (EEG) [33],
and functional Magnetic Resonance Imaging (fMRI) [34] techniques. In this way,
we can also examine similarities and differences at the functional brain level of real
and artificial tastes. Based on the EEG results, we will also examine latency and
response of taste actuation input signals and perception in the brain.

4.4 Discussion

Electric taste technology can open up a multitude of new horizons and opportunities
for research in the future, including in areas of human computer interfaces, enter-
tainment systems, medical and wellness. Digital controllability of the sensation of
taste provides a useful platform for engineers, interaction designers, and media artists
towards developing multisensory interactions remotely, including the generation of
new virtual tastes for entertainment systems. For scholarly research, this would help
bring about answers to exactly what is language of taste.

We expect this research to culminate with a wearable unit that could clip inside the
mouth. Users could wear it in daily lifestyle situations for augmentation. For example,
Google Glasses promises a better experience of augmented reality unattainable with a
smart phone. We can also realize accessories that would be attached to smart phones
that could actuate a taste by placing the end of the apparatus in one’s mouth. A
friend could send you a taste over the internet by means of a social network and
you could taste it electronically. They would simply input some sort of taste into the
phone by text means or by selecting presets related to their current experience. Total
controllable of the device can provide a stimulation of a taste from something that
can’t exist. This could also lead to a breakthrough in molecular gastronomy. Training
molecular gastronomers is very difficult for most people, due to the requirement to
be trained directly by experts at special facilities. Digital taste systems could do this
by through training with a computer or through the internet. It could train ones sense
of taste and possibly lead to the creation of new kinds of consumer edible delights.

We also believe patients who can’t consume certain chemicals such as those with
diabetes can stimulate the certain chemical in question (like sugar) taste in place of
the actual chemicals. Our system could do so by augmenting preexisting tastes like
seasonings without the danger of the actual chemical being present in the food. It
may also be possible to cancel out certain tastes people wouldn’t like, like bitterness,
by adding more sugar to it, without worrying about consuming too much. This might
allow humans to even consume certain foods that were previously unappetizing to
eat or to encourage children to eat unpopular foods to maintain a healthy lifestyle.

As an input idea, people could experience flavors and the computer could output
musical beats for both amusement and recording the notes to store our recipes in
an interesting way. In this scenario, taste can be composed like a song. They can
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be composed to vary over time, for example, a sudden change of taste from salty to
sweet, which cannot be achieved using real foods. People can make new kinds of
recipes using purely digital compositions and post them on a social media site.

Users can create new knowledge using a digital taste machine and add pages
embedded with the flavors similarly to adding pictures or sound to a webpage. People
can rate the experiences by sharing them through another flavor. These experiences
can gather to form more and more complex flavors and realize new potentials in
gastronomy through our device. A chef or restaurant owner could introduce a new
menu by sending alerts to fans of their work containing flavor information for new
dishes. When the user opens the message, he or she can taste the new menu from
their accessory as well as the food image.

By using taste stimulation we can create new ways to create content and new
knowledge for food. We have conceptualized some ideas for how this may work
in Fig.4.11. Our ideas are Virtual SMS Menu, Culinary Education, Collaborative
Remote Dining, Ambiguous Food, and approximating a service for future food print-
ing at home.

Virtual Menu: Internet and mobile phone services can be integrated with our taste
accessory to provide taste information for their digital contents. For example, when
a restaurant introduces a new menu, they can conduct a special promotion using the
taste accessory. They can send online coupons to their customers containing taste
information for new dish and when the customer begins to read this message, he
or she can taste the new menu from their accessory. Customers are able to check
the restaurant menu before visiting through the taste accessory, by logging into the
diners homepage. For a website this can be embedded into the site ads.

Culinary Education: Watching a recipe video gives us two sources of information
visual and auditory. In the near future we could see audio visual systems that are
expanded to utilize taste. You can check your own dish in progress by comparing the
taste to the chef’s dish. Similarly, we could add new dimensions to food entertainment

Fig. 4.11 Concept of digital taste in food application
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media, when the lid comes off a steaming pot on your streaming video; you experience
the same warm aroma and sensation.

Collaborative Remote Dining: We would be able to enhance remote co-dining and
co-cooking experience, by translating tasting sense to music notes to record our daily
recipe in an interesting way. We call this *Taste symphony’. By capturing the taste
from a curry cooked at one location and reconstructing and delivering in a personalize
manner, in one scenario we envision a simple consumer technology that allows for
these lonely individuals to cook meals collaboratively with their children remotely.
By enhancing the taste generated in kitchen, decide up on a protocol to transmit taste
and associate the ability of reconstructing the taste with the remote collaborative
cooking space would recombine the creative nature of the humans all over the world
and gives positive thinking of remote co-presence and co-living experience through
this new kitchen space.

Digital Communication of Food: Sensing occurs between the senders environ-
ment and the media. The sensors can detect tastes from the environment or from spe-
cific foods. An example is that the various sensors in a kitchen can measure the tastes
currently in the room. The sensed aromas and tastes can be communicated through
internet after converting them into digital information and actuate on a specific user
using the small wearable device. The 3D food printing could be the ultimate output,
eventually. A chef could use the taste to give quick feedback of an ongoing recipe
which when finalized could be sent to a 3D printing food. In the future we expect a
home user to have such devices installed in their homes like with paper printer. A
user could design his/her own food to be printed and send it to his/her friends printing
device. While constructing the food to save resource they can approximate the food
with taste device. They could even upload this as a work in progress to allow other
to quickly sample the food for approval.

4.5 Conclusion

Audio, visual, and haptic fields are well researched. We believe the next challenge
is virtual taste using techniques that are currently unattainable using chemical based
methods. Digital taste is one such technique of actuating taste with electric stimu-
lation. This has advantages over chemical stimulation because it is more manage-
able and taste can be transmitted directly over the internet. We believe through this
research we can eventually digitally actuate all main tastes (bitterness, saltiness,
sourness, sweetness, umami) using digital means to actuate and transmit the taste
information. It could have long term implications in the future of many disciplines.
By using digital taste, we will be able to create new ways to create content and new
knowledge of food that can be shared, learned, and created in new interesting ways
previously unobtainable with current methods.
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Chapter 5 ®)
Thermal Taste Interface Geda

Abstract This chapter presents a new taste device for digital taste communication
called ‘Thermal Taste Interface’. It produces thermal taste sensations on the tongue
purely by modifying the temperature of the surface of the tongue (from 25 to 40
°C while heating and 25 to 10 °C while cooling) within a short period of time. Our
results suggested that rapidly heating the tongue produces sweetness, fatty/oiliness,
electric taste, warmness, and reduces the sensibility for metallic taste. Similarly,
cooling the tongue produced mint taste, pleasantness, and coldness. By conducting
another study on the perceived sweetness for sucrose solutions after the thermal
stimulation, we found that heating the tongue significantly enhances the intensity
of sweetness for both thermal tasters and non-thermal tasters. Also, we found that
faster temperature rises on the tongue produce more intense sweet sensations for
thermal tasters. This device offers easy customization options such as rapid heating
and cooling, different stimulation speeds, extended temperature range (from 4 to
100 °C), and ability to integrate and control using a software. The sections below
discuss the development, technical evaluation, user evaluations, and future work
of this device. We believe this technology may can the user experiences related to
thermal taste in different disciplines including Human-Computer Interaction, New
Media Arts, Communication and Medicine.

5.1 Introduction

Sweet taste has been identified as the most pleasant out of all the tastes [1]. Therefore,
the stimulation of sweet taste is a crucial element in digital communication. Over the
years, there were some attempts made by researchers to digitally produce or modify
taste sensations [2—4]. However, a pure digital device that can repeatedly stimulate
sweet taste without using chemicals has not been developed. Therefore, researchers
used chemical based interfaces that stimulate sweetness in HCI [5-7]. However, some
recent works have identified that thermal stimulation can evoke sweet sensations on
the tongue. This is achieved by triggering the TRPM 5 channel (Transient receptor
potential cation channel subfamily M member 5). In some previous experiments in
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Fig. 5.1 Concept Image for our objective: In future, people would be able to communicate and
experience the sweetness digitally

the medical field suggests that the increasing temperature on the tongue over the time
has reported sweet sensations [8], and higher temperatures resulted enhancing the
sensitivity for sweetness [9, 10].

Today internet communication is based on text, audio, and visual data. Digitizing
the taste sensations will allow us to transmit and regenerate taste sensation over dig-
ital networks. Chemical taste actuation interfaces has drawbacks such as refilling,
precious controlling of chemicals, provide unnecessary calories, chemicals or min-
erals to the body. These limitations were motivated us to develop digital interfaces
for taste.

To address the above mentioned issue and limitations we developed a device that
can induce thermal taste sensations. This interface stimulate the surface of the tongue
by the means of temperature. We increased the temperature of the silver plate from
25 to 40 °C during heating and reduce from 25 to 10 °C while cooling. By placing
this device on top of the tongue, it results a slight modification of the temperature
on the tongue surface and we have observed that “Thermal Tasters’ reported mainly
sweetness, minty and fatty tastes. Further, participants also reported the enhancement
of sweetness. Faster the temperature rise resulted more intense sweet taste sensations.
We believe by continuously improving this technology we may be able to create,
enhance, and share sweet taste experiences with others remotely as illustrated in
Fig.5.1.

5.2 Related Works

Cruz and Green [8] are the first researchers who showed the sweetness can be invoked
as a result of thermal stimulation. They have studied the effects of stimulation the
human tongue using temperature range from 15 to 35 °C with approximately 1.5
°C/s speed and the subjects reported sweet taste while increasing of the temperature.
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This experience has explained as ‘phantom taste’ of sweetness. Also the people who
experienced this kind of taste were started to refer as “Thermal Tasters’.

Talavera et al. [9] showed that the increasing temperature has resulted activation
of TRPMS channel that generates a depolarizing potential in the taste receptor cells.
This effects causes the enhanced sweetness perception at high temperatures and
‘thermal taste’, the phenomenon whereby heating or cooling of the tongue evoke
sensations of taste in the absence of chemical tastants. It has been concluded that
stimulating TRPMS5 with temperature as an input results different taste sensations
as outputs. It has been further suggested that other tastes, such as salty and sour,
perceived by TTs, may be linked to the temperature sensitivity associated with the of
the channels involved in their chemical transduction. The cold and heat activation of
the receptors can be the fundamental of the temperature dependence of salt responses.
Enhancement of sweet perception by using warm temperatures cause the heat to
activate TRPMS channel [11]. Applying thermal sensations to the skin around nose
resulted with charming or unpleasant feelings. The ‘Affecting Tumbler’ [4] is an
example for that.

Even though the thermal effect with TRPMS5 channel has been studied in medicine,
a proper controlled computer system that can reproduce thermal taste sensations has
yet to be developed. Having said that, authors [12] experimented with electrical and
thermal stimulation in combination on the tongue, and showed that it is possible
to generate four of the basic tastes: sour, sweet, bitter, and salty. During the exper-
iments conducted in [13], stimulation of the tongue with heating and cooling the
tongue, participants reported sensations of sweetness and sourness. The first sweet-
specific device using thermal stimulation was proposed by the authors of this book
in 2015 [14].

Our approach is different from the works mentioned above in many ways. Our
main objective is to develop a controllable and repeatable digital technology to gen-
erate taste sensations. We decided that this technology should be a device that can
be plugged into computers and it should be able to be programmed and controlled
through the computer. Therefore, our work is different from the previous works from
the medical field. Also the works from HCI are only concentrated on inducing the
sweet taste sensations. In this research we consider Thermal Taste as a combination
of taste and non-taste related sensations. Therefore, one of our objective is to describe
the thermal taste using known taste and non-taste sensations. Further, in this research
we study how thermal stimulation can change the intensity of sweetness and also
how different speeds of temperature rising can affects the sweetness. In addition, our
final objective is to integrate this thermal taste technology for VR and multisensory
communication. According to our knowledge there was no attempt been made so far
to achieve this.
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5.3 Method

5.3.1 Hardware Module

The basic idea of this interface was to design a device that can heat up the surface of
the tongue and stimulate the TRPMS taste receptors within short period of time. The
latest prototype of the thermal sweet taste interface is shown in the Fig.5.2. Thermal
Taste interface consists of an electronic controller circuit, silver plate that connects
to the Peltier, liquid cooling fan and a software module.

As shown in Fig. 5.2, our proposed device consists of an Arduino Pro-Mini micro-
controller, an FTDI serial interface to communicate with the PC, a silver plate that is
attached to a Peltier module, a liquid cooler system, a high current DC motor driver
and a temperature sensor.

The temperature on the tongue is changed by adjusting temperature of Peltier
module that are tightly coupled with a silver electrode as shown in Fig.5.3. When
the electric current passes across a junction between two materials in the peltier
module, one side of the device is emitting the heat while other side absorbs. In this
experiment, we used the heat emitting side of the peltier to raise the temperature of
the peltier and eventually the tongue. By alternating the direction of the current, it is
possible to change the heating and cooling sides of a peltier. We use this option to
rapidly cool down and reset the device to the original state. The peltier device we have

12V 8.5A

=\ -
- | Power Supply
= 12V 2A USB to PC Interface &
Switching Power Supply . 3 |’

/\\ - ) Liquid Cooler
Motor Driver @& Fan
- ) _

. Main Board =%

Peltier, Thermistor &
Silver Plate

Fig. 5.2 The latest prototype of the thermal taste interface device
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selected can reach the temperatures from —40 to 80 °C while consuming current up to
8.5 A with 15.6 V for 100% duty cycle. Therefore, a high current DC motor driver has
been used to drive the Peltier. This motor driver allowed bi-directional controlled of
its motor and the speed control PWM frequency up to 20KHz. The direction of the
motor made it possible to control heating and cooling part of the peltier. PWM input
from Arduino microcontroller programming can control the duty cycle and current
of the peltier.

The transferring of the heat generated by the peltier module to the tongue was
done by using a silver plate. This plate was mounted on top of the heating side of
the peltier device as shown in Fig.5.3. We have used Silver due to two reasons;
no metallic sensations and less specific heat. Unlike other metals such as copper,
gold or stainless steel, silver does not produce high metallic sensation to the tongue.
This provides us an advantage that when people reports our device they report they
actually felt as a result of the stimulation and not the metallic sensation usually you

Fig. 5.3 The silver plate is
assembled together with
peltier device and liquid
cooler pump
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felt with other metals. Also silver has less specific heat so it can rise the temperature
fast and efficiently pass the heat to the tongue. Previously we have used copper for
our earlier prototypes but when compared with copper, silver has less specific heat
(he specific heat of copper is about 0.092 kcal/kg °C while silver is 0.057 kcal/kg
°C [15]). Also, we made the plates very thin (0.5 mm) and the area of the stimulation
smaller 2 cm by 4 cm to make the plate less in weight so we need less energy to heat
up the silver.

The heating up and cooling down of the device is controlled by the microcontroller
firmware by monitoring the temperature of the temperature sensor that attached to
the silver plate. Once again we have used thermal epoxy to attach the sensor with
the silver. This is to obtain the exact temperature of the silver so that we did not
burn users tongue. We make sure the device is prevented from over heating and over
cooling. PID controlling [16] technique has used to control the current provided to
Peltier over the time. To make the heating process more efficient a liquid cooler was
mounted to the cooling side of the peltier module. This improves absorbing the cool
generated from the cooling side which indirectly improves the heating of the other
side.

There are three different power levels has been used for the circuit. All the logic
signals and power to the microcontroller was USB powered and it uses 5 V (with
less than 500 mA). To operate peltier, switching power supply of 12 V and 8.5A is
used. For liquid cooling, DC power supply of 12 V and 2 A was used. Therefore, to
decouple the logic and the power we used optocouplers in the circuit. Optocouplers
prevent DC current from flowing to the other components when it is short circuited
as detailed in Fig.5.4.

5.3.2 Software Module

5.3.2.1 Device Firmware

The firmware that runs on the microcontroller was implemented using Arduino.
Basically the Arduino program receives signals from the computer for heating up or
cooling down and then the program starts to activate the Peltier module and mon-
itors using PID controlling the temperature sensor input. ‘Putty’, ‘Hyperterminal’,
‘Chrome Serial’ or any serial port interfacing client can be used to control the device.
The firmware allows users to easily customize the functionalities of the device like
change heating, cooling, threshold settings, stimulation intervals, and program stim-
ulation protocols.
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5.4 Technical Evaluation of the Device

We have conducted five technical experiments during the development of this device.
Those studies include exploring the minimum and maximum temperature of the
device, finding suitable PID parameters for heating and cooling, the time difference
for different starting temperatures, different stimulation speeds using different PID
control parameters and changing the temperature of solutions using different plate
designs. The following sections will discuss about these experiments in detail.

5.4.1 Finding the Temperature Limits

This experiment studied the highest and lowest temperature that can be stimulated by
the device. The device was operated with maximum PWM value. The results of this
experiment is illustrated in the Fig.5.5. The maximum temperature obtained during
the study is 100 °C and the lowest was 4 °C. This experiment could not achieve the
limits defined by the Peltier manufacturer (—40 and 80 °C). The main reasons for
this is we are not running the Peltier module with maximum voltage. The Peltier can
provide up to 15.6 V our device was consuming only 12 V. So the number of watts
consumed by the device was 77% of the maximum possible consumption. This is
mainly because we mounted the silver plate on the original heating side of the Peltier,
so the cooling will not be as efficient compared with using the original cooling side
of the Peltier. Further, limitations of the heat sink, liquid cooler design, and efficiency
of the thermal epoxy could be the other reasons for this.

5.4.2 Finding the Best PID Control Parameters for the Device

A PID controller is a control loop feedback mechanism where it continuously cal-
culates an error value as the difference between a desired setpoint and a measured
process variable [16]. This experiment was designed to identify the best PID con-
troller parameters for the device.

During this experiment, we were trying to achieve two aims; faster response time
and better stability. However, in practical PID control systems this is impossible to
achieve both the goals simultaneously. Therefore, we had to find parameter which
provides acceptable stability with better speed of temperature rise.

Each of the PID parameters time and temperature from table above are analysed
and calculated to get the shortest rise time. The graphs are plotted using the data
obtained from experiments. The calculation are based on the 10 and 90% of temp
difference to find the rise time.

PID parameter of Kp, Ki and Kd are manually tuned to find the shortest rise time
and faster settling time. For heating process, Kp is increased until the temperature
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Fig. 5.5 The highest and lowest temperatures that the device can achieve

start to oscillate from 25 to 40 °C. Then, Ki is increased to correct the offset in the
given time for the system. The heating process experiments were started when the
temperature for Peltier and silver electrode is around 25 °C. And the system is left
running for few minutes until it reached stable40 °C. The first oscillation of 25 to
40 °C were tabulated to calculate the rise time.

The experiments for cooling process are started after heating process. As for cool-
ing process, the step to find parameter for Kp, Ki and Kd are similar. It is the reverse
operation of heating process. Since the setpoint temperature of heating process is
40 °C, the data were tabulated started from 40 °C until it reached stable 25 °C. The
first oscillation of 40 to 25 °C are collected to calculate the fall time of the system.

By experimentally testing for different PID combinations, we concluded that the
most suitable PID parameters for heating were Kp =20, Ki=10, and Kd =30 with
a 6.0s rise time (set temperature of 40 °C), and the most suitable PID parameters
for setting back the temperature to 25 °C after heating were: Kp=60, Ki=0, and
Kd =50 (set temperature of 25 °C). Further, we found that the most suitable PID
parameters for cooling as Kp= 1000, Ki=300, and Kd =8000 (set temperature of
10 °C), and for setting back the temperature back to 25 °C after cooling as: Kp =20,
Ki=10, and Kd=30 (set temperature 25 °C). Figure 5.6 shows how temperature
changes with the time for each set of PID parameters while reaching the desired
temperatures (40, 25, and 10 °C). During our experiments we used the rising and
falling sections of the temperature curves (referring to the blue and red color curves
in Fig.5.6) for stimulating the subjects. We used the orange and cyan color curves
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Fig. 5.6 Very suitable PID control curves obtained for this device for heating, cooling, and settling
back the device to 25 °C after heating and cooling

to set the device back to 25 °C. These selected PID parameter sets resulted in 5%
steady state error of the setpoint, less overshoot, and a very quick settling time.

5.4.3 Study How the Starting Room Temperature May Affect
with PID Controlling

We have noticed that based on the starting temperature of the device may take dif-
ferent time to settle at 40 °C. Therefore, we have decided to study the difference in
time it takes for temperature rising with three different room temperatures. Those
temperatures are at 26.5, 21 and 15.2 °C. We have used the same PID control val-
ues obtained by the previous experiment. The results we have obtained is shown in
Fig.5.7. It shows that 21 °C curve shows a less rise time and probably best suited for
this kind of experiment because it provides comparatively higher Celsius per second
change. Therefore, we have decided to set a lower setpoint for the device at 20 °C.
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Fig. 5.8 Three different stimulation speeds used for the final study
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5.4.4 Finding Three Different Stimulation Speeds
Jor the Third User Study

This experiment has done for the obtaining three different stimulation speeds for the
device, so we kept the same PID parameters we selected in the previous experiment
but we have modified the current provided to the peltier module by limiting the final
output PWM to the to 60 and 40%. The temperature rise curves of three different
speeds are shown in the Fig. 5.8. Here the ‘fast’ curve is based on the PID parameters
Kp=20,Ki=10,Kd=30with 6.0srise time. The ‘medium’ curve with output PWM
to 60% has resulted 10 s rise time. The ‘low’ curve with PWM to 40% resulted 15 s
rise time.

5.5 User Evaluation

We conducted three different user evaluations for the thermal taste device. First, we
did a characterization of the thermal taste sensations produced by this device. We
have identified people who can receive sweet sensations purely from the Thermal
Taste Machine. Second, we studied whether the thermal taste device can enhance
the intensity of sweet taste sensations produced by the sucrose. Third experiment,
we tested participants to rate the sweet sensations they perceive for different speeds
of temperature change. All the experiments were conducted according to guidelines
set by the Imagineering Institute’s ethics board.

5.5.1 Characterization of the Thermal Taste

For this experiment, we used Thermal Taste Interface to stimulate the surface of the
tongue using three different ways. First was the heating, we increased the temperature
from 25 to 40 °C. Second was the cooling, we decreased the temperature from 25
to 10 °C. Third was the device ‘OFF’ state in which the silver plate was kept at
room temperature during the stimulation. Total of 39 participants consist of 16 males
and 23 females were participated in this user study. Majority of them were recruited
from Universiti Teknologi Malaysia (UTM) who were between 20 to 23 years old
M=244+6.9).

5.5.1.1 Apparatus and materials
A pilot study was conducted prior to the user study to make sure we were familiar

with the user study steps and protocol. This pilot study was conducted with 10
naive subjects with similar arrangements as the user study. The stimulation order
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was randomized between three parameters and each participant undergoes 12 trials.
There were 4 trials for each stimulation condition.

Every participants completed a questionnaire which requires them to try four
different taste solutions (sweet, sour, salty and bitter solutions) and identify the
taste. This pre-screening was done to exclude any subject who were having taste
dysfunction before proceed to the user study. Participants were tasted each solutions
one after another and identified the taste. In between each trial, they needed to rinse
their mouth with distilled water to remove the residue of the solutions on the tongue.
All 39 participants were cleared to take part in the user study after the pre screening.

The user study was done in closed room where the participants were made to seat
comfortably on a chair. Then, they were asked to rinsed their mouth prior to the first
stimulation. They placed the silver electrode on their tongue and the experimenter
activated the device with the first stimulation. Then, the participants were asked to
rate the sensations they perceived on the intensity recording sheet in which it had
20 different sensations on the scale. This procedure was repeated for the next eleven
trials and prior every trials, participants rinsed their mouth with distilled water.

The percentages of the participants who reported the taste-related sensations and
non-taste-related sensations for thermal stimulation is shown in Figs.5.9 and 5.10.
The means for the intensities of taste sensations and non-taste-related sensations pro-
duced by thermal stimulation is shown in Figs.5.11 and 5.12. One-way ANOVA was
used to compare the means between three different stimulations: device switched off,
heating, and cooling. Results showed that the effects were significant for sweetness
(p=0.003), fatty-oiliness (p < 0.001), minty (p =0.005), electric (p=0.04), heating
(p <0.001), cooling (p < 0.001), and pleasantness (p = 0.005). These results indicate
that heating of the tongue induced sweet, fatty (or oily), electric, and warm sensations,
while cooling of the tongue resulted in minty, cooling, and pleasant sensations. A pre-
vious experiment with mice suggested that the long-chain unsaturated free fatty acid
and linoleic acid (LA) could depolarize the TRPMS channel [17]. Also, it showed
that mice lacking TRPMS5 exhibit less sensitivity for LA. Therefore, we can argue
that similar fatty taste sensations were produced in the human subjects by thermal
stimulation. Further, heating the tongue showed positive results for producing spicy,
numbing, and unpleasant sensations. In addition to that, heating the tongue reduced
sensibility for metallic taste compared with cooling or off states. A similar result was
discussed earlier for the thermal tasters in [18]. By using different types of heating,
these effects can be further explored and enhanced in the future.

5.5.2 Enhancement of Sweet Taste Using Thermal
Stimulation

Previous experiments from the medical field reported that thermal stimulation can
enhance sweet taste sensations [9, 19]. The reason for this is that the TRPMS cation
channel shifts the midpoint for voltage-dependent activity to negative voltages when
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it is stimulated with temperature [20]. Therefore, temperature rise can promote the
activation of the channel. Similarly, we hypothesized that stimulating the tongue
using thermal taste machine should also increase the sensitivity for sweet taste sen-
sations. Therefore, we decided to conduct an experiment to test this hypothesis using
thermal taste machine and sucrose solutions. Twenty volunteers (15 males and 5
females, Mean age = 25.30, SD = 5.43, age range = 20-44) were participated for
this study from Universiti Technologi Malaysia. The experiment was conducted in a
quiet meeting room at the university.

Three different solutions were used for this experiment including two sucrose
solutions (with concentrations of 3.1 gL.~!, 24 gL.!) and one mineral water solution.
Six different test scenarios were created with the two modes of the device (device
on and device off) with the three solutions. The trials were randomized between the
participants. In each trial, participants were asked to place the tip of the tongue on the
thermal taste interface approximately for 14 s. This was the time taken for heating the
tongue from 20 to 40 °C. After the thermal stimulation, participants tasted a solution
(randomized between participants) and rated how strong sweet sensation they felt.
They also rated the likeness and Intensity of the solution. The range of these scales
were from —50 to 450 (+50 = extreme sensation, 0 = neutral, —50 = extremely
no sensation). Then participants rinsed the mouth with water to make sure there is
no remaining taste solution in the mouth. We repeated these same steps for next 5
trials as well.

However, this experiment was conducted with two limitations. The first limitation
was that as soon as the silver plate was removed, the tongue started to cool. The second
limitation was that the sweet taste receptors which are located in the other areas, such
as the sides and back of the tongue and the soft palate, were not heated. Therefore,
the effect of the thermal stimulation was only limited to the sweet taste receptors
located in the anterior of the tongue.

Results of the experiment is shown in Fig. 5.13. Thermal stimulation improved
the sweetness of the solutions, specially for the 3.1 gL ~! sucerose solution, where
the means for the device off was rated only as —12.2 and improved up to —2.925 with
the device switched on. For the other two solutions, the sweetness rating was also
positively improved. Paired T-Tests results for the sweetness for all three solutions
regarding the Device On and Off were signeficant (p = 0.024 for water, p=0.007 for
3.1 gL.7! sucrose solution, and p <0.001 for 24 gL.=! sucrose solution). A similar
findings was reported previously in the medical field [21]. Similar positive effect was
observed for intensity for all three solutions (p <0.001 for water, p=0.004 for 3.1
gL~ ! sucrose solution, and p < 0.001 for 24 gL.~! sucrose solution). Participants liked
the higher sucrose concentration more and found it sweeter and more intense than
the lower sucrose concentration and water. This is the first occurrence that a thermal
taste device developed in VR or HCI fields reported enhancement of sweetness.
Therefore, our device can be used in VR applications for enhancing the sensation
of sweetness in combination with chemical sweeteners. Our results showed that this
effect can be applied for both thermal tasters and non-thermal tasters.
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5.5.3 User Evaluation of Different Stimulation Speeds Affect
the Sweet Sensations

This experiment was designed as two sub-experiments. During the first part of the
study we identified people who could receive thermal sweet sensations from the
thermal taste device. Then, in the second part of the experiment, we asked those
thermal sweet tasters to try three different rates of temperature rise and rate the
sweetness they felt for different rates of temperature change.

5.5.3.1 Experiment to Identify Thermal Sweet Tasters

During the first study, we asked the participants to rate how strong they feel five
basic taste sensations (sour, sweet, bitter, salty, and umami) during the thermal taste
stimulation. We purposely asked the participants to report their responses for five
basic tastes to avoid developing any bias towards sweet taste. The intensities were
marked in a scale from —50 to +50 (where +50 is extreme sensation, 0 = neutral,
—501is extremely no sensation). Then we found six participants who reported thermal
sweet taste sensations (M = 13.33, SD = 12.11). Our idea was to study how different
stimulation speeds affect sweet taste. Since our participant size for the experiment
was only six subjects we treat this experiment as a pretest.

5.5.3.2 Pretest with Different Stimulation Speeds

After identifying six thermal tasters, we stimulated these six participants using the
three different stimulation rates slow, medium, and fast (rates were approximately
0.66 °Cs~!, 1 °Cs™!, and 1.5 °Cs™!). Each participant went through 12 trials (3
stimulations x 4 times). After each stimulation, the participants were asked to remove
the interface and evaluate the sensation on three visual analogue scales for intensity,

U Like
40 0 Intensity
I Sweet

2441
21.66
23.83

Mean
17.75

0
<
=
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n
=
~

%)
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Slow Medium Fast

Fig. 5.14 Means of likeness, intensity, and sweetness reported for slow (0.66 °Cs™1), medium (1
°Cs~!), and fast (1.5 °Cs™!) rates of temperature rising
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valence, and sweetness (Intensities of the scales were ranged from —50 to +50).
Figure 5.14 shows the results of this study. Participants reported more ‘sweetness’ and
‘intensity’ (of the sensation) for faster rates of temperature rise. Further, participants
‘liked’ the medium speed. Since the sample size is smaller for this test we consider
this experiment as a pretest. This effect will be further investigated in future.

5.6 Discussion and Future Works

The ‘Thermal Taste Machine’ showed positive results towards producing and mod-
ifying taste sensations for sweet, chemical, minty, fatty, pleasantness, heating, and
cooling. Except for the sensations of sweetness, heating, and cooling, this is the
first time that any other sensation has been reported using thermal taste stimulation.
Therefore, the first experiment successfully showed that thermal taste is a combina-
tion of more than one sensation. This study also demonstrated that heating of the
tongue produced sweet sensations, which was reported by all the previous works
mentioned in the literature review section.

Further, our second experiment proved that sweet taste can be easily enhanced by
the thermal stimulation. This is the first time it was found in a thermal taste device
developed for VR or HCI. This effect can be used in VR applications to enhance
sweetness for both thermal tasters and non-thermal tasters. Finally, our third study
suggested that faster temperature rise can produce more intense sweet sensations.
This can be directly applied on enhancing the sweetness of virtual food and beverages
in VR applications for thermal tasters.

We are currently working on two new prototypes for this device; 1. develop a
spoon shape interface that change the temperature of the food we eat and 2. develop
a cup like interface where users can adjust the temperature of the drinks. So the
basic idea of the spoon interface is to use it when people eats desserts as shown
in Fig. 5.15. We placed a tasteless jelly on top of the spoon, user will be asked
to heated up the tongue using our device before eating the jelly. We would like to
study whether changing temperature of the food can modify the food consumption
behavior. We are planning for a long term study where we invite subjects for lunch
every week and after the lunch they will be served the dessert with “Thermal Spoon’.
We will have a control group who eats desserts in room temperature (25 °C) and the
others may eat the dessert less than the room temperature (10 °C) and higher than the
room temperature (40 °C). We already know that according to Talavera’s study and
referring to our own user study discussed in this paper high temperatures activate
more sweet sensations. Also from the other hand people usually eats more quantity
of the dessert if the food is not sweet. So our hypothesis would be people will eat less
when the desserts are served with high temperature while they will eat more when
the desserts are served in low temperature.

The mug interface will be used with drinks where it can maintain a certain tem-
perature. As same as the spoon interface we believe that we could modify the food
consumption habits of people who drink something sweet by modifying the sweet-
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Fig. 5.15 Desserts demonstration to audience in Brainy Tongue Conference, Spain

ness of the drink. Currently we are experimenting of altering our device to develop
these two interfaces. The first study we did was to study how long that the device take
up to rise the temperature of the water. With compared to the metal, water has higher
specific heat (Specific heat of water is approximately 4200 J/Kg °C while specific
heat of copper is 385 J/Kg °C). The results of this preliminary experiment is shown
in the Fig.5.16. Here we used the two different copper plate with the dimensions of
210 x 50 mm and 120 x 50 mm. The time taken to heat up the water is quite longer
than 500 s when the device is operated with 40 °C. Therefore, we operated the Peltier
with 75 °C (since 80 °C is the maximum temperature it can produce according to
the data sheet). Then the copper coil design was able to reached to the 40 °C within
366 s. We can further increase the speed of heating the water by providing more
voltage to the Peltier and adjusting the PID control value. We are yet to do this test
with changing the copper plate to a silver plate as well.

We believe the thermal taste machine would be very useful in future. In multi-
sensory communication systems, sensory experiences that involve visual, audio, and
touch are, broadly speaking, implemented in different contexts successfully. How-
ever, sensing and reproducing taste and smell experiences is still a challenge. We
believe after conducting further user evaluation tests and improving our device, we
would be able to propose proper stimulation parameter set for the reproduction of
sweet sensations digitally.
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Fig. 5.16 Temperature change rate measurements for the proposed mug prototype

5.7 Conclusion

This research has made the following novel research contributions: 1. The first ther-
mal taste device that can produce sweet, chemical, minty, fatty, and pleasant sensa-
tions. 2. We measured 20 types of thermally induced (taste-related and non-taste)
sensations and presented how they were modified by heating and cooling. 3. Our
device was the first thermal taste device that can enhance the sweet sensations. 4.
It has also suggested that faster rates of temperature rise may produce more intense
sweet sensations. The final objective of this research is to develop a successful ther-
mal taste technology that can be easily integrated into VR and digital communication.
This digital generation of sweet taste will be useful for several fields like gaming,
virtual reality, entertainment, and online marketing. We also hope that this research
will be useful for certain clinical populations such as, for example, patients with
diabetes.
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Chapter 6 ®)
Digital Smell Interface e

Abstract Technology in communication is rapidly growth in the past years. Scien-
tist and researchers are competing to give the best way of connecting people through
communication. Currently, our daily lives are deeply ingrained with digital commu-
nication and the technology now have been develop until all human senses could
be digitize to have more interactive experience. Most of our daily activities can be
captured, shared and experienced as images, audio, and video using digital devices.
When we watch a movie, we experience the stimulation of sights and sounds. Then
what about the sense of smell? This project presents the first digital technology
developed for transmission of smell through digital networks. The digital stimula-
tion of smell is considered as a useful step in expanding the technology related to
multisensory communication. Previous methods for activating the sensation of smell
chemically, has obvious disadvantages such as being complex, expensive and lower
controllability. Most importantly, smells exist in molecular forms making it impossi-
ble to communicate over a distance. Therefore, generating smell sensations without
chemicals is becoming highly significant for our increasingly digitized world. We
propose a digital interface for actuating smell sensations. This is done by stimulating
the olfactory receptors of the nasal concha using weak electrical pulses.

6.1 Introduction

We use so much of communication in our daily lives to transfer information and
knowledge. People share and convey the message in the form of communication,
verbally or non verbally. The meaning of the communication itself seems to be sim-
ple but how the process of the communication to be happen had a various way just
to make it possible. Traditional methods of communication had a lot of concrete and
specific way such as visually, audibly or need to be both. As time goes by, when
places had become the issue to the transferring knowledge process, then there comes
the involvement of the technology towards the communication. The communication
includes more digital technology and even now the multisensory communication;
smell, taste, and touch had been rapidly develop to be inserted to the digital com-
munication. The contribution on multisensory towards communication could give

© Springer International Publishing AG, part of Springer Nature 2018 93
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huge impact to the development of information technology. The communication
could be more interesting and realistic even when it happens to be at two or more
different places and time through the internet. There are a lot of research had been
done to investigate the effect on the contribution of the digitized sensory towards
communication but only few focus on transferring the smell digitally.

The early digital smell interfaces developed over the years in the field of Human
Computer Interaction are chemical based [1-6]. They used chemicals to generate the
odour sensations. These systems are complex, expensive to use frequently, and need
routine maintenance for smooth operation. Also there are other limitations such as
difficult to switch from one smell to another smell using the device, difficult control
the area of stimulation over the time because gas molecules and liquid molecules
tend to float around the space and because of the motion of the molecules, it is hard
to keep a constant concentration of the smell in a space. Therefore, generating smell
sensations without using the chemicals is becoming a need. By achieving that we
believe that this research will enable people to experience smell sensations digitally
across the internet as we experience visuals and audio in our everyday life.

Digitizing smell is not an easy process since we need to give much attention on
how to trigger the smell without the use of any liquid chemicals and gas odorants. It is
easy for the liquid and gas to generate a smell where any state of liquid and gas have
molecules that can move towards the sensitive receptors inside the nose and trigger
the smell. Basically, a smell is generated by triggering the olfactory receptors inside
the olfactory epithelium. There are several receptors will be triggered to generate a
smell then the smell is transfer through the olfactory nerves to olfactory bulb. The
olfactory bulb has a function to communicate with the brain and tells the brain there
is a smell there and process the smell.

In order to digitize smell sensation without the using any chemicals, we propose
a new user interface that has potential to trigger smells by stimulating the olfactory
receptors in the nose non-invasively with weak electrical pulses. In this project we
are researching on developing a new interface that can induce weak electrical pulses
on the smell receptors and generate smell sensations. The concept of this interface is
shown in Fig. 6.1. The main element to generate a smell are depending on these two
elements; frequency and current. So we decided to develop a computer controllable
user interface which produce weak direct current (DC) electrical pulses in varying
these 2 parameters. DC electrical pulses is chose based on its safety towards the use
on human. The human body impedance is also said to be higher for DC as compared
to AC (cited website). By placing the two silver electrodes of the device, into the
nasal concha (as shown in Fig.6.1) and stimulating the smell receptors, we expect
that this interface would produce some type of smell sensations. Area near the nasal
concha is ideal to use for the stimulation because of the two factors. The first reason
is nasal concha has a high density of olfactory receptors and the second reason is we
can easily fix the two electrodes in between the superior and middle or middle and
inferior concha.
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6.2 Related Works

Till this day, most of the methods used for smell generation is based on the use of odor
molecules (chemicals) [2, 3, 5]. There are several other studies on olfactory devices,
both with stationary emission [7-9]. However, wearable devices so far uses tubes to
send scented air to the user’s nose [10, 11]. Some are wearable and movable [12],
allowing users to receive personalized scented notifications.

However, these methods have several setbacks such as being complex, invasive,
expensive, require maintenance and refilling, the controllability is less and non-
distribution in the air. Most essentially, the chemical based smells cannot be trans-
mitted across the digital network and regenerate remotely as it been done for visual
and auditory data. But auditory and visual data are based on electromagnetic fre-
quencies and so can be digitized easily unlike smell data which is based on chemical
molecules and chemoreceptors. A few examples of olfactory devices using the chem-
ical approach includes Sensorama, olfactometer, Scentee and inScent.

6.2.1 Chemical Based Taste Actuation System

6.2.1.1 Sensorama

Probably the first interactive computer controlled smell system was the Senso-
rama [13] invented by Morton Heilig in New York, USA. It was introduced in
1962 to provide multi sensory theatre experiences. This machine could stimulate
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Fig. 6.2 Sensorama simulator [13]

several senses such as visual, hearing, and smell. Furthermore, it has produced move-
ments, vibrations and direct wind effects. Figure 6.2 shows a side view drawing of the
Sensorama simulator with the seat, arm rest and controllers. The device provides a
housing hood mounted above the seat to fit the head of the user. It has an enclosure
scent arrangement where the scent could be directly released into the hood. The
scent can be removed and applied in a short time since only the small volume of air
is involved.

6.2.1.2 Olfactometers

An olfactometer is an instrument used to detect and measure odor dilution. Human
subjects in laboratory settings use olfactometer for research and most times to mea-
sure human olfaction. Its major use is to measure the odor threshold of substances.
To measure intensity, olfactometers present an odorous gas as a starting point against
which other odors are compared. On the other hand, an olfactometer is a device used
for producing smells in an accurate and controlled manner [14]. Laboratory olfac-
tometers are specially designed to have different smell channels and a continuous
flow channel.
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Figure 6.3 shows an example of a laboratory olfactometer built by the authors
of this book [15]. The olfactometer consists of three subsystems, the pneumatics
system (which contains an air compressor, filter regulator and mist separator, digital
flow switches, check valves, solenoids, manifolds, glass bottles, connectors, gas hose
clips and Polyurethane tubing), controller circuit and controller program.

In the pneumatic system, an ‘Oil-Free Air Compressor’! was used to pressurized
air in olfactometer. The air compressor can rapidly pump and store air inside the
storing tank. The air from the air compressor releases to the olfactometer system with
one odor channel with a flow rate of 5 L/min. Then, the air compressor releases the air
through air filter, mist separator and pressure regulator unit [16]. These components
provide clean filtered air from the dust and water particles. After that, the air flows
through the polyurethane tube to digital flow switch.”? The flow switch is used to
control the flow rate by turning the knob at the flow switch. Subsequently, the air

"Europower Silent Oil-Free Air Compressor EAX-5030, http://www.mudah.my/Europower+
Silent+Oil+Free+Air+Compressor+EAX+5030-36828289.htm.

2SMC PEM711-F02-B-W digital flow switch, IFW/PFW FLOW SWITCH, http://www.
smcpneumatics.com/PFM711-F02-B-W.htm.
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is pumped through eight channels manifold.> Each of the manifold is connected to
the solenoid valves.* The solenoid valves are controlled by the computer controlled
system which uses Arduino and a serial port connectivity program.

This laboratory olfactometer is manually controlled to release the specified smells
through the mask to participants nose by sending commands from Arduino soft-
ware. This command will trigger Arduino microcontroller to switch on the required
solenoid. This air flow will blow the liquid inside of glass bottles and finally odorant
air will flow through the check valve before going straight to participants nose.

6.2.1.3 Scentee

Scentee, is a mobile scent actuation device, plugs into 3.5 mm audio jack of iOS or
Android device and can be carried along. It is the world’s first phone attachment
that can produce smell or fragrance by using smart phone applications. The scent is
released using ultrasonic motor from removable reservoir. The device as shown in
Fig. 6.4, contained only one aroma at a time and the user must held the device in
front of the nose. The scent release is triggered through touchscreen input or via an
incoming text message or social network notification.

Scentee can be used as a wake-up alarm, whereby the smell wakes one up. This
could influence one’s emotion throughout the entire day [17]. With scentee, one can
recreate or simulate the emotional communication of an original dish. Therefore,
smell has advantages over other senses because it has direct access to emotions and
memory.

6.2.1.4 InScent

Another example of olfactory devices is inScent [12], a wearable olfactory display
device. This device can be worn in mobile daily conditions. InSent can be worn as a
pendant around the neck and can hold about eight different scent aromas that could
be inserted and quickly exchanged through small scent cartridges. It allows the user
to receive personalized scented notifications.

This device utilizes the properties of smell as a warning channel by amplify-
ing received mobile notifications with artificially discharged scents. As the scent is
released, scent aroma will evaporate and it is carried towards the user. InScent has
several advantages compared to other olfactory display devices. InScent is wearable
and mobile while several other olfactory devices are stationary and not wearable.
Also, because the device holds up to 8 different scents user can easily select what
scent they need at every given time.

3SMC VV307-01-083-02-F manifold assy, 8-sta, VT3/VO3 SOL VALVE 3-PORT, http://www.
smcpneumatics.com/VV307-01-083-02-F.html.
4SMC VV307-01-083-02-F manifold assy, 8-sta, VT3/VO3 SOL VALVE 3-PORT, http://www.
smcpneumatics.com/VV307-01-083-02-F.html.
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Fig. 6.4 Scentee device
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(https://scentee.com)

6.2.2 Non-Chemical Based Actuation System

From the above, the possibility of using non-chemical stimulation methods to stim-
ulate smell and taste sensations digitally can be seen. However, the above reported
studies are conducted mainly in the medical domain (with controlled environments),
are invasive, or only in the experimental stage. Therefore, to achieve electrical stim-
ulation methods as a means of actuating the sensations of smell, this research will
achieve research breakthroughs in controllability, accuracy, and robustness.

Electrical activity of the olfactory bulb has been examined for more than a decade.
In 1851 Schonbein suggested that people can smell the effects of electric discharge
(through ozone) and raised questions about the truly electric smell sensation [18].
Yamamoto has first studied the electrical stimulation of the olfactory mucosa and
deep structures of the brain in a rabbit [19]. They were stimulated using 0.2-0.5 ms
duration of pulse in the range of 1-20V in strength. Recording electrodes was placed
on the scalp of forehead record a slow negative wave of evoked potential.

Similar research has been performed again with rabbits [20] that used the stim-
ulation parameters of 2mA of current as 0.5 ms duration of pulse. With the 2Hz
rate of stimulation, the evoked potential showed 2 successive waveforms with peaks.
The first experiment to detect olfactory bulb activity using electrical stimulation for
human was done by Ishimaru et al. [21]. Electrical stimulation of 2mA with 0.5 ms,
is used and the olfactory bulbar potentials were recorded from the frontal sector of
the human head. This experiment has suggested that olfactory nerves are producing
the similar waveforms that researchers found in the previous experiments on rabbits.

In a study, Kumar et al. [22] has presented that electrical stimulation of the olfac-
tory bulb and tract produces the pleasant and unpleasant smells in epilepsy patients.
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It is the only finding so far that discuss about the type of olfactory hallucinations
produce by electrical stimulation. In one of the experiment authors reported that,
nine subject perceived unpleasant smells (like bitterness, smoke, or garbage, while
two subject perceived a pleasant smell (like strawberry or good food) and lastly, five
subject did not smell anything. The stimulation was based on varying the current
with three steps; trials starting from 3 mA were increased to 6 and 9mA. The total
stimulation period for a single trial was 5s with 50 Hz frequency. The pulse duration
of a single cycle was 300 ws. The olfactory hallucinations occurred for stimulation of
3 and 6 mA. This is the only experiment that clearly reports electrical stimulation on
olfactory receptors generates smell sensations. However, this method cant be used
for the general population since it is highly invasive (this method requires electrodes
to be implanted in brains frontal lobe).

In 2002, Ishimaru et al. [23] diagnosed the olfactory disturbance to identify olfac-
tory ability in 14 patients including 12 patients who suffers from Parosmia, Anosmia,
and Hyposmia. They proposed that electrical stimulation can be used as a substitu-
tion for the odor stimulation test such as Toyoda and Takagis perfumists strip method
(T&T) olfactometry which has used as a standard for psychophysical olfactometry.
Olfactory evoked potential from the scalp was recorded, and the result is analysed
between both methods. The electrical stimulation use 2mA with duration of 0.5 ms
and stimulation was at the wider nasal cavity. Some of the evoked potentials of
the patients were detectable, some were not due to their health record background.
However, there is no sensation of smell experienced by all the test subjects.

To our knowledge, there are still few reports on electrical stimulation of human
olfactory mucosa. Early study [24], reported various olfactory sensations resulting
from electrical stimulation of the olfactory neuro-epithelium using anodal and catho-
dal stimulation. The method he claimed resulted in distinct types of smell perception.
Induced odor perceptions such as vanilla, almond and bitter almond was produced by
anodic stimulation, while cathodic stimulation produced a wide-ranging burnt odor.
This is the only study that suggest noninvasive electrical stimulation of olfactory
receptors can produce smell sensations. The latest attempt of electrical stimulation
of olfactory receptors was made by [25], and this study also failed to produce any
smell sensations. Authors have used current ranging from 50 to 800 A with the fre-
quencies of 2, 10, 70, 90, 130 and 180 Hz. Subjects reported visual flashes, pin pricks,
and itching sensations near the reference electrode as their experiences. However,
subjects reported that there is a significant impact on the perceived intensity of the
smell while sniffing an odorant during the stimulation.

6.3 Method

In order to trigger smell from electric stimulation, frequency and current is the impor-
tant elements that need to be control. The stimulation needs to have few kilohertz
of frequency in a certain rate while the output current should be control as not more
than 5 mA [26].
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6.3.1 Development of Device

The design and development of the prototype describing in this section. The circuit
have 2 power supply; one from the Arduino and one from the current controller
circuit. Arduino is one of the simple microcontroller for driving electronics circuit.
First prototype developed is using 555 timer to produce square wave pulse. As 555
timer is very well known as integrated chip (IC) used for pulse generator but it is not
suitable for variable frequency stimulation. Therefore, Arduino is used to generate
the square pulse wave in a certain interval of time. Arduino will send a pulsed DC
signal as the frequency output and it have several sets of frequency to be choose.

The stimulation current is set by the current controller circuit. A schematic dia-
gram of the current controller circuit is shown in Fig.6.5. This current controller
circuit can generate a constant current to the signal square wave pulses coming from
the Arduino. The output current from the Arduino could send as high as 40 mA. To
control the current so it has a low steady current, LT3092 programmable current
source is used [27]. It requires 2 resistor to set up the output current coming from
the Arduino and this component could control the output current ranging from 0.5
to 200mA.

VARIABLE DC BATTERY
POWEliWSrFPPLY (Used for LED indicator)
1l
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Fig. 6.5 Circuit diagram
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In this project, the maximum current need to produce is only from 1 to SmA.
Here is the calculation used for determine the value of resistors; (Ry.;) and (R,,;):

(Vset) (IOuA.Rset)

lout = = (6.1)
Rout Rout

consider lout = 1,2, 3,4, SmA.

consider Rset = 22k2 (reasonable starting level of voltage across Ry, Vier i
200mV).

Therefore, the value of R,,, is setting up as in Table6.1.

Fixed current produce by the circuit is driven by the current controller circuit.
Current controller mode could regulate a fixed current output according to the cal-
culation desired, despite any voltage given. The amount of current output by the
circuit can be controlled using one of the five push buttons shown in Fig. 6.6 and the
respective LED near the push button will lights up after the selection.

The maximum load resistance of this operating device is up to 4 k2. Power supply
produces the variable voltage range from 1 up to 20 V to output constant current flow.
Arduino microcontroller accepts the control key sequences received through the USB
connection of the PC and drive the current controller board accordingly, based on the
experiment protocol. We are currently using a serial monitor program to control this
device; however, it is possible to easily integrate this device with a user experiment
software that provide serial interface connectivity. The frequency of the stimulation
pulses and stimulation time is controlled by the Arduino program. It is possible to
vary the stimulation frequency from 0 to 33 kHz.

The stimulation parameters and safety margins for the olfactory receptors was
defined by referring the prior works. Our device was purposely limited to control
the current between 1 and 5mA to avoid uncomfortable feelings or damage to the
subjects. Current of 2mA will be the starting current for our first experiment since
1 mA of current is considered as too weak for stimulation, while more than 4 mA
could induce some pain and 5 mA of current is considered as the maximum harmless
current for the human subjects [28]. The maximum continuous stimulation period
(switching on and off interval for the stimulation) is defined as 0.5 s by also referring
to the same previous studies [29, 30]. During the stimulation period of 0.5s, the
device will be operated in 2kHz and stimulate the subject by sending square wave

Table 6.1 Value of R,,;

based on desired current Current (mA) Rou (£2)
1 220
2 110
3 73
4 51
5 43
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shape pulses to the nasal concha. We can easily modify this frequency by sending
an input to the microcontroller firmware using the computer serial interface.

For the initial user studies we have programmed the device to be operated on
four frequencies; 2, 10, 70, and 180 Hz. Figure 6.7 shows a sample of different signal
patterns generated by the device. For amplitude, the signal has a 2% error due to
component tolerance. Besides that, there are negative spikes at the falling edge due
to stray inductance. From equation V = L%, negative voltage was induced from
stray current as there are considerable change in the current value at the transient.

The pair of silver electrodes, Fig. 6.8 which used to stimulate olfactory receptor
neurons, are custom made with the dimensions of 100 mm in length, 0.5 mm in width
and a sphere tip of 0.8 mm diameter at one end. We kept approximately 1 mm distance
between the two electrodes. During the stimulation, one electrode is configured as
the positive and the other electrode configured as the ground.

The two sphere tips supposed to make contact with the inner wall of the nose
during the stimulation as shown in Fig. 6.9. This device only operates if the electrodes
read resistance from the skin. Therefore, during the stimulation, a digital multimeter
was to observe the current flow of the device. This was to ensure the electrodes are
properly touching the wall of nasal cavity. When two electrodes made the contact
with the skin properly, during the stimulation, multimeter outputs the correct amount
of current. We found that 5 mA is the maximum harmless current that can be used to
stimulate human oflactory receptors [31]. Therefore, we have stimulated the subjects
only within 1-5mA range.
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Silver Electrodes

Endoscope camera
with 6 LEDs

Fig. 6.8 Silver electrodes

6.4 User Evaluation

In this study, diverse sites at the ventral surface of the inferior, middle, and superior
turbinate, as well as the septum dorsum were targeted. The different stimulation
parameters used in this experiment are shown in Table6.2. Permutation of those
parameters (frequency and current) were used randomly for stimulating subjects. In
this study, before investigating the possibility of stimulating smell perception on the
subjects, we conducted extensive pilot testing with 14 subjects. The goal of the pilot
studies was to familiarize ourselves with proper stimulating electrode placement at
various locations in the nasal cavity. First, we practiced only electrode placements,
and then included current stimulation. Also, taking into cognition how different
people react to both the nasal spray used® and the silver electrodes. In the initial
testing, it yielded different sensations and few odor perceptions.

6.4.1 Subjects

A total of 31 healthy subjects comprising 20 males and 11 females participated in this
study. A majority of the participants were university students who were between the
ages of 20-23 years old, and a few adults also participated in the experiment (mean
age 25 + 5.3). Participants filled and signed a consent form before the experiment
and the experiment was conducted according to the ethics guidelines approved by the
institutional review board (IRB). A questionnaire was first filled by each individual
relating to his/her health status and allergies. Participants were physically screened
by answering some general well-being questions. The participants also confirmed

3 Azelastine Nasal Spray, https://www.drugs.com/cdi/azelastine-spray.html.
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Fig. 6.9 Placement of the electrodes inside nasal concha

Inferior Concha

whether they have intact olfaction, nasal congestion, non-use of chronic medication
of any kind, no recent head injury, and no history of psychiatric disease. After that
they participated in the following experiments.
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Table 6.2 Different

° - Current (mA) Frequency (Hz) Time (s)
stimulation parameters
(currents, frequencies, and 1 2 2
time periods) used for the 2 10 4
experiment. Permutation of 3 70 6
these parameters (as shown in

. 4 180 8
Fig.6.7) were used randomly
for stimulating subjects 5 180 10

6.4.2 Pre-screening Experiment: Sniffing of Known
Odorants Aimed at Ascertaining the Smelling
Capability and to Study the Effect of Electrical
Stimulation on the Nasal Cavity

After completing the questionnaire, subjects were randomly presented with five dif-
ferent known odorants. These odorants were presented in a non-translucent container
to conceal the color and numbered 1-5. Participants were asked to sniff each odorant
one at a time by closing either the left or right nose, identify the type of odorant,
and rate the intensity using a graded scale. After each trial, participants were asked
to sniff water. The idea behind this step was to reset the olfactory receptors to their
original state. Then, this same set of procedures was repeated for all five odorants.
This was done to ascertain the capability of the subject to identify different smells,
and to rule out anasomia before proceeding to the main experiment. Finally, after
the main electrical stimulation experiment, participants were made to sniff the same
odorant again.

6.4.3 Main Experiment: Electrical Stimulation Directed
at Inducing Odor Perception

Here, we aimed to electrically stimulate the nasal mucosa to evoke odor or other
perceptions. Participants were made to seat comfortably on a chair in a closed room.
To minimize sneezing and to decongest the nasal cavity, Azelastine [32] nasal spray
was used. An eye mask was used to cover the eye of the participants to minimize
distractions. They were asked to breath normally, as in natural sniffing., then the
stimulating silver electrodes were gently inserted into the nasal cavity with endoscope
camera guidance and gradually brought into contact with the targeted areas, as shown
in Fig. 6.10. The insertion was preceded by electrical stimulations done concurrently
with nasal inhalation as though natural sniffing [33, 34].

Stimulation duration was fixed at 10s, with an inter-stimulus interval of 60s.
Nevertheless, each stimulation parameter started with an initial current of 1 mA and
was continually increased until 5 mA. The participant was free to stop the experiment
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Fig. 6.10 Subject

if they felt the stimulation was uncomfortable. After each trial, subjects were asked
to report any types of sensations and rate the intensity using a graded scale ranging
from O (none) to 10 (strong). The procedure for each participant lasted for about
45 min.

6.5 Results

6.5.1 The Response Generated by Electrical Stimulation
of the Nasal Mucosa

Each participant underwent eight trials. During the interval between trials, partici-
pants completed a response form where they indicated the type of sensation expe-
rienced during and after each trial and rated the intensity using a graded scale. The
participants completed the response form for the eight trials, after which an analysis
for each of the participants responses were made, and the parameters compared. The
responses were divided into two categories: smell sensations and olfactory-induced
sensations. The first category consists of the 10 basic smells, as described by [35],
and the second category consists of the 12 induced non-olfactory sensations. Sensa-
tions such as tingling, pinpricks, numbness, pain, pressure, lingering, heat, burning,
metallic, electric and cooling were recorded.
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We started with the lowest current and frequency before increasing both gradually.
Parameters of 1 mA at 10Hz and 1 mA at 70Hz were the stimulation parameters
which gave the most prominent results for the smell related responses. Figures6.11
and 6.12 represent these smell perceptions based on [35] categorization. Electrical
stimulation with 1 mA and 70 Hz induced the highest odor perception with an average
of 0.74, +1.6 on the 10-point grading scale. 27% of the participants reported that they
perceived fragrant and chemical sensations. Other reported smell sensations include:
20% fruity, 20% sweet, 17% toasted and nutty, 10% minty, and 13% woody. The non-
olfactory-induced sensations for 1 mA and 70Hz (illustrated in Fig.6.13) include:
67% pain, 53% tingling, 50% heating, 50% electric, and 50% pinprick.

Other stimulation parameters such as 1 mA and 10 Hz (shown in Fig. 6.11), amean
of 0.65 £ 1.4. Here, 17% reported fragrant, 27% sweet, 10% chemical, and 10%
woody. Results for the 4mA and 70 Hz stimulation is shown in Fig. 6.14 where the
mean sensation for pain is 2.95 &£ 0.85; in percentages 82% reported pain, while 64%
reported pressure. One way ANOVA was conducted to compare effects of electrical
stimulating parameters to generate smell sensations and other induced sensations.
The variations of pressure and tingling across different parameters are shown in
Figs.6.15 and 6.16.
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Fig. 6.11 Smell related sensations reported for electrical stimulation at 1mA and 10Hz as
percentages
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Fig. 6.12 Smell related sensations reported for electrical stimulation by participants at 1 mA and
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Fig. 6.15 Mean intensities of the pressure induced by different type of stimulations calculated
using a range 0—10 (where 10 is the most)
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Fig. 6.16 Mean intensities of the tingling induced by different type of stimulations calculated using
arange 0—10 (where 10 is the most)

6.5.2 The Response Produced After Sniffing of Known
Odorants

We compared the intensity of various odorants before and after electrical stimulation
to identify the effect of this stimulation on the nasal mucosa. The capability of
each participant to recognize various kinds of odorants was tested. The five known
odorants presented to the participants were orange, cinnamon, banana, pineapple, and
peppermint. Figure 6.17 compared the odorant intensity before and after electrical
stimulation of the nasal turbinates. As show in the graph, the intensity before and
after stimulation is similar for all odorants, although most subjects verbally reported
they felt a difference.

An independent sample t-test was conducted to determine if there were changes
in intensity between before and after electrical stimulation. There was no significant
difference in odorant intensity in before and after stimulations. The mean and standard
deviation for the odorants are shown in Fig.6.17. For orange t(60) = 0.74, p =
0.47, for banana t(60) = 0.93, p = 0.354, for pineapple t(60) = 0.62, p = 0.95,
for peppermint t(60) = 0.60, p = 0.55 and for cinnamon t(59) = 1.18, p = 0.24.
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Fig. 6.17 Variation of the intensity of smell for five known odorants before and after electrical
stimulation. Error bars shows standard deviations

P > 0.05 for all the odorants. The results show that electrical stimulation of the
nasal cavity did not have any statistically significant effect on the intensity of the
odorants.

6.6 Discussion

Our stimulations were majorly at the middle turbinate where olfactory local field
potentials are easily acquired [36], while few were at the superior and inferior
turbinates, based on the results from epithelial biopsies on spread of olfactory
mucosa[37, 38]. Stimulation at 1 mA and 70 Hz generated induced sensations such as
tingling and pressure. However, stimulations at 1 mA and 70 Hz and 1 mA and 10Hz
combinations produced smell sensations such as fragrant, chemical, and sweet smells.
Some participants reported perception of smells. This indicates that there might be
evidence that there may be an electrical path to stimulate the sense of smell in humans.
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Pain was also induced in participants, with stimulation of 1 mA 180Hz inducing
the least pain sensation, while stimulation of 4 mA and 70 Hz induced the highest pain
sensations. Few participants reported visual flashes at stimulation of 4 mA and 70 Hz.
A previous study [25] also reported visual flashes at 10 Hz and 0.45 mA. Furthermore,
we think combinations of high frequencies and high currents induces more pain. At
the same time, we observed that pain also occurred when the stimulating electrodes
were outside the olfactory cleft and touching the respiratory mucosa.

Furthermore, as a next step, we are planning to study the anodical stimulation and
cathodical stimulation in nasal cavity [39, 40]. Specially with anodic stimulation [25],
we will be able to reduce the pain that subjects feel. An earlier experiment [25]
suggested that sensations are different and electrical stimulation had a mild impact
on concurrent odor perception.

The results suggest that there is a connection between electric stimulation and
smell sensations. Compared with previous researchers, we are likely to discover the
ideal stimulation parameters. For the future experiments, we can use participants
who already reported smell sensations and with that subgroup we will try different
stimulation parameters. If the electric stimulation would produce smell sensations,
we will be able to communicate smell experiences through the internet and regenerate
smell sensations digitally. Also, this method will be used as an alternative for sensory
restoration [41] for the people who have lost the sense of smell due to some medical
conditions.

We are planning to extend this user experiment with more participants. The effects
of the different electrical stimulation parameters, such as frequency, current, and stim-
ulation period will be more closely studied in future. By analyzing the results, we plan
to identify various stimulation patterns that can produce different smell sensations.
If we can show conclusive evidence for effectively reproducing smell sensations, the
next step would be comparing the difference between electrical smell perceptions
and natural smell perceptions. This can be done by studying the areas of the brain
being activated by electrical stimulation and chemical stimulation. If both stimula-
tion techniques activate approximately same areas of the brain, we will be able to
argue that electrical stimulation can reproduce the same sensation as chemical based
smells do. Also, we are planning to do cell compatibility testing on the electrodes
used for electrical stimulation of the human olfactory epithelium. The main objective
of this research is to study long term effects of electric stimulation on smell receptor
cells.
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6.7 Conclusion

Smell is one of the most important sense of the human. Therefore, finding a digital
means to activate the sense of smell is becoming an important need specially for
future digital communication. In this paper we have presented our proposed technol-
ogy of using electrical stimulation to excite olfactory receptors using a non-invasive
method. During the pretests, subset of participants have reported that they sensed dif-
ferent sensations of smell and differences in perceived intensity for smell. We believe
in future, we can improve this technology and clarify exact parameters which are
responsible for producing the smell sensations. Our vision is to transform multisen-
sory communication into a new era of Internet with digitizing the sense of smell
as other human senses (sight, hearing, touch and taste) and allow people to create,
communicate, and regenerate true multisensory information over the internet.
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Chapter 7 ()
Discussion and Conclusion Check for

7.1 Discussion

Emerging from the multisensory subject, our goal is to transform Internet commu-
nication into a multisensory experience by digitization of the smell and taste senses
and as other human senses (sight, hearing, and touch) and allow people to create,
communicate, and regenerate this multisensory information over the Internet. This
chapter will discuss the general advantages, future use and some limitations asso-
ciated with digital taste and smell. To start with, advantages of this technology are
presented for various fields including entertainment, virtual reality, medical, gam-
ing, and communication. The technology of sharing smell and taste via Internet is a
challenging experience. Presently, there are few technologies that uses chemical to
generate smell [1, 2] and taste [3, 4] sensation, but these technologies are complex,
needs routine maintenance for easy operation and are expensive to use regularly and
therefore the need to digitally stimulate smell and taste.

7.2 General Advantages of Digital Taste and Smell

Smell and taste sensations are very vital part of human living. Furthermore, personal
experiences can be related with these sensations. Individuals want to eat together and
organize different food items based on their preference for occasions and celebra-
tions in their regular daily activities and will as well want to have a memory of the
events. Therefore, the smell and taste sensations are particularly important to sustain
a healthy life.
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Currently, daily interaction with digital media through the Internet plays an impor-
tant role in our lives. Humans can express and utilize their complete senses when
they interact face to face. Nevertheless, right now, digital communication need to
depend on a constrained range: sound, text and image only or in combination of two
or three [5]. Our studies as described in this book has explored the integration of smell
and taste into digital medial without the use of chemical to improve its interaction.

7.2.1 Multisensory Digital Communication

In digital communication media, sense of smell and taste are remarkably given mini-
mal consideration. In the field of multisensory communication, digitization of smell
and taste sensations are of great benefit. Currently, digital communication are only
based on text, audio, and video. Therefore, advancing the effectiveness of these tech-
nologies as well as faster connectivity has been the focus of several research works.
Yet, these technologies presently available does not increase the intimacy amongst
the parties involved in the communication. As a result, in this current paradigm of
communication, multisensory communication has become essential to enhance the
qualities of life [6]. Apart from that, it will enlighten the benefits of moving forward
into the current era of information involving non-verbal expressions such as smell,
taste, and not only auditory or visual. Smell and taste will change the way of com-
munication in the future. Posting a photo on social media with the sense of smell and
share our experiences together with friends and family will become possible. As an
example, sharing a taste of cake with family and friends over the Internet during a
birthday celebration will provide a memorable experience. In a family where mem-
bers are geographically not together, sharing their everyday events is important to
build a stronger family relationship.

7.2.2 Online Shopping

Today, many people prefer to shop online owing to limited time and energy. Online
shopping is primarily based on visual information only (the design, size and color
of the product). What about adding an extra sensory cue to attract the attention of
customers to make a choice, such as smell, especially buying perfumes and some
food products. If each of the perfumes transmits the specified odor to the users
during shopping, it will be able to help and eases the process of deciding what
item to purchase. When there is a new fragrance produced, rather than seeing only
images, smells can be sent to notify the customers that they have received a new
scent. Besides that, a combination of smell and taste during online shopping will
increase the percentage of Internet users buying online food. During this time, just
by looking at food images, users can only guess and bring back a flood of memories
about the taste of a food. Seeing, smelling and tasting the food product will triggered
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user to make appropriate choices because they can now compare between several
options.

7.2.3 Virtual Reality

Presently, Virtual Reality (VR) systems involve the stimulation of two or three senses,
sight, hearing and touch. VR experience can be more enjoyable by adding other
senses such as olfactory and gustatory. The main goals of VR are to create a realistic
perception and virtual environment that can be felt in real-time. Unfortunately, the
VR cannot simulate the reality perfectly and have some limitations. An entire new set
of experience could be presented by utilizing the digital taste and smell technology.
Currently, immersive VR is deliberated as a future innovation, in the same way the
technology of digitizing smell and taste could be utilized as the immersive to produce
modified mental state by intensely connecting ones sense of smell and taste.

7.2.4 Entertainment

The technology of smell and taste sensation can be used for example in taste or
smell based communication entertainment, by allowing controllability of smell or
taste digitally. Currently, because of several reasons the entertainment aspects of
smell and taste sensation is not investigated. Some of the reasons are absence of
controllability of the senses, need of a variety of chemicals, and rapid flexibility for
sensations.

However, in the future, utilizing the digital smell and taste technology, a new
entertainment idea may be considered. Think of the possibility of being able to smell
or taste the cheesy slice of pizza being eaten by your preferred character on TV?
Imagine watching a celebrity chef cooking on TV and being able to smell or taste it
in the comfort of your home. We believe addition of smell and taste to the television
will not only increase but will improve the users’ entertainment experience also.

7.2.5 Medical

Another benefit of our technology is in the medical field. We hope that this technol-
ogy would be used for taste and smell disable patient. Malfunctions related to smell
such as anosmia, hyposmia, parosmia and phantosmia and taste related malfunctions
such as dyseusia, hypergeusia, hypogeusia, heterogeusia, norgeusia, phantogeusia,
cacogeusia, parageusia and ageusia [7]. Though these situation are not generally
common, nevertheless studying these malfunctions with digital smell and taste tech-
nology respectively could permit a different sensory pathway for patients. Digital
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smell technology might help a patients with Parkinson‘s disease who loss their sense
of smell to be able to smell different odors again. Likewise, digital taste technology
might as well assist when a patient is instructed not to eat certain food ingredients
example sweet for diabetics and salty for patients suffering from congestive heart
failure.

7.3 Limitations

We have noticed several limitations both in stimulation of electric and thermal taste,
and in electric smell studies which we deemed as appropriate to mention here. These
limitations still needs to be addressed so as to make the electrical and thermal device
ready for use. The major limitation being that the device is not user friendliness and
acceptability. Because of concern for hygiene and fear of burning the tongue, some
users are reluctant to put the silver plate on the tongue. Hence, finding a new way of
delivering the electrical or thermal stimulations to the tongue becomes a necessity.
Another limitation is the slow onset of thermal taste relative to chemical taste. Waiting
time is usually about 10-20s before taste sensation is felt. Generally, thermal taste
sensations are rated weaker compared to taste sensations produced by chemicals.
Thus in this research, future contribution would be to find methods that can produce
quick and more strong thermal taste sensations. We believe most likely by testing
with several temperature ranges, we can improve the rate of temperature change,
which consequently improve the intensity of the thermal taste producing different
sensations. Presently our stimulation range is restricted for 10 °C up to 40 °C. Experts
from different discipline such as flavors and food, nutrition, and medicine would
benefit from the improvement of this technology. At that point we would have the
capacity to deliberately choose the most essential kind of taste sensations that would
profit for individuals and deliver them utilizing this technology.

Similarly there are limitations encountered with electric smell stimulations. In
electrical stimulation of smell, the main limitation encountered is the difficulty in
inserting the electrode. Because the electric smell stimulation device is not user
friendly and some users are hesitant to allow for the insertion of the electrode. The
5mm diameter endoscope camera attached together with the electrode was consid-
ered big by some users and could cause pain. Therefore, maintaining contact between
the electrode and the olfactory mucosa is a challenge. And because we tried several
parameters on each participant, which we think this also caused pain sensation to
participants. Another limitation is the difficulty to identify smell. Because there are
no basic smell, it is difficult for users to specify what type of smell stimulated. This
was not encountered in electric taste stimulation because there are basic taste qual-
ities (sweet, sour, salt, bitter and umami). In a future study, to avoid pain, smaller
endoscope camera for guidance will be used; amount of current will be reduced and
series of parameter combinations will be employed.
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7.4 Future Plan

Our aim is to develop these technologies as miniature, portable and wearable units.
Therefore, enabling users to wear these interfaces in daily lifestyle situations for
augmentation. Digitizing taste and smell will provide opportunities for number of
new applications. For example, a friend could send you a taste or smell over the
Internet by means of a social network and you could taste or smell it electronically.
Furthermore, these devices will be able to provide stimulation of a taste and smell
from something that cannot exist. This could also lead to a breakthrough in molecular
gastronomy. People can make new kinds of recipes using purely digital compositions.
We also believe patients who cannot consume certain chemicals such as those with
diabetes can stimulate the certain chemical in question (like sugar) taste in place of
the actual chemicals. This may allow humans to even consume certain foods that
were previously unappetizing to eat or to encourage children to eat unpopular foods
to maintain a healthy lifestyle.

7.5 Conclusion

With the goal of better understanding of science of olfaction and taste, we have
described several aspect of the two senses. Furthermore, throughout this book we have
discussed number of possible technologies including digital smell interface, electrical
and thermal taste interface we used which can bring the change from chemical based
smell and taste to digital. The technologies, their applications and benefits were also
discussed. Furthermore, this book serves as a reference that combines the concepts,
descriptions, experimental methods for digitizing the sense of smell and taste. We
hope these blue sky quantum step technologies will further improve and will be used
in future of Internet communication and virtual reality.
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Epilogue

We live in an age when new ideas and inventions in science and technology appear at
an astounding rate. As these novelties are converted into products and services they
enhance our lives in various ways, some of them practical, some of them pleasurable,
some benefiting our health. Behind every such novelty is an individual or a team who
discovered or invented the novelty. These geniuses are the creators of our future and
should be suitably recognized as such. But sometimes the early stages of their ideas,
their work and their research projects might seem strange to the wider public, who
are not able to grasp at first the potential of the novelty.

Now and then a star of outstanding technical originality appears in the world of
invention, and Adrian Cheok is one such star. Adrian has a passion for devising
new ways, both to harness and to enhance the human senses, enabling our senses
to detect novel experiences. In this book Adrian and his team at the Imagineering
Institute in Johor, Malaysia, describe their work as the pioneers of taste and smell
technologies that have been artificially created by digital and electronic means, as
well as their work in the development of digital devices for the detection of taste and
smell. Using digital technologies this team is striving to enable us to transmit smell
via the Internet and to create taste electronically. Imagine the future of cinema, to
take just one example, when the audience can smell and even taste the food which an
on-screen character is enjoying, a future when a chef in one country can have their
latest creation instantly critiqued by a panel of their peers and other cookery experts
located throughout the world.

Adrian has pioneered these technologies in his roles as Professor of Pervasive
Computing at City, University of London, and Director of the Imagineering Institute.
His initial research in this field spawned more media publicity for City, University
of London than any other research in its history. And following on from his digital
taste and smell discoveries in London, Adrian has founded and led a research team
in Malaysia to take his ideas forward.

In this book we find a comprehensive coverage of the field as it is in 2018, as well
as an in-depth survey of developments during the few short years when Adrian’s ideas
were first conceived and expanded. The book will not only provide indispensable
background reading for students and researchers of the artificial senses, but it will
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also act as inspiration for those who are looking for an exciting new research domain
to investigate. Whatever the future holds for artificial taste and smell, this book is

the beginning of that future.
ﬁJ\ p2 ZLa.

London, 26th January 2018 Dr. David Levy
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1999 was elected once again, a position he has held since then (the association now
being named the International Computer Games Association (ICGA).

Since 1977 David has led the development of more than 100 chess playing and
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works in this field, leading a small team of developers based mainly in the UK.
David’s interest in Artificial Intelligence expanded beyond computer games into other
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team to investigate pragmatic solutions to the problem, resulting in his winning the
Loebner Prize competition in New York in 1997. He won the prize again in 2009.

Davids achievements in the associated field of Social Robotics include found-
ing international conferences on the subject, and being a co-organizer of six such
conferences between 2007 and 2017. He has published a primer on A.L., Robots
Unlimited. His fiftieth book, Love and Sex with Robots, was published in November
2007, shortly after he was awarded a Ph.D by the University of Maastricht for his
thesis entitled Intimate Relationships with Artificial Partners.

David has had a lifelong interest in organising mind sports events, and was one of
the organisers of the World Chess Championship matches in London (1986 and 1993),
as well as the World Checkers Championship match between the human champion
and a computer program (1992 in London and 1994 in Boston), in addition to dozens
of computer chess championships and similar events. In 1989 he inaugurated the
Computer Olympiad, for competitions between computer programs playing thinking
games, which has since become an annual event. David also created the Mind Sports
Olympiad, in which human players compete at more than 30 different strategy games
and other “mind sports”.

His hobbies include classical music, and he has recently started playing chess
again after a long gap away from active play. He lives in London with his wife and
their cat.
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